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Abstract

Main hydration products of two cement pastes, i.e. CSH-gel, portlandite (P) (and specific surface S)
were studied by static heating,and by SEM, TEM and XRD, as a function of cement strength (C-33
and C-43) hydration time (¢4) and subsequent hydration in water vapour.

Total change in mass on hydration and air drying, AM,, increased with strength of cement
paste and with hydration time. Content of water escaping at 110 to 220°C, defined as water bound
with low energy, mainly interlayer and hydrate water, was independent on cement strength but its
content increased with (#4). Content of chemically bound (zeolitic) water in CSH-gel, escaping at
220-400°C, was slightly dependent on strength and increased with (#4). It was possibly derived from
the dehydroxylation of CSH-gel and AFm phase. Portlandite water, escaping at 400-500°C, was in-
dependent on cement strength and was higher on longer hydration. Large P crystals were formed in
the weaker cement paste C-33. Smaller crystals were formed in C-43 but they increased with (¢4).
Carbonate formated on contact with air (calcite, vaterite and aragonite), decomposed in cement at
600—700°C. It was high in pastes C-33(1 month) and C-43(1 month), i.e. 5.7 and 3.3%, respectively;
it was less than 1% after 6 hydration months (low sensitivity to carbonation) in agreement with the
XRD study showing carbonates in the air dry paste (1month), and its absence on prolonged hydra-
tion (6 months) and on acetone treatment. Water vapour treatment of (6 months) pastes or wet-
ting-drying increased this sensitivity.

Nanosized P-crystals, detected by TEM, could contribute to the cement strength; carbonate was ob-
served on the rims of gel clusters.

Keywords: calcium carbonates, cement hydration, CSH-gel, hydration time, portlandite, SEM,
static heating, TEM, water sorption, XRD

Introduction

Subject of study

The products of hydration of two cements of different strengths (C-33 and C-43)
were studied by varying the hydration time (¢4 = 1 and 6 months) and the water phase,
i.e. liquid water and subsequent water vapour, with increasing relative humidity (RH)
in studies of water sorption (W) (RH =0.5— 0.95— 1.0) and decreasing RH in stud-
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ies of water retention, WR (RH =1.0 — 0.95 — 0.5). An account of the estimation of
the specific surface, S, from the evaporable sorbed water content (£V) is presented
elsewhere [1]. The water and CO, content escaping within the given temperature
range on decomposition of the hydration products was measured by isothermal
(static) heating, either before the sorption test (SH) or on its termination (WS or WR).
The carbonate content was checked by measuring the XRD peak intensity. SEM and
TEM studies revealed the size and shape of the crystals and their crystallinity; the ho-
mogeneity of the microstructure was checked.

Hydration products

When cement is hydrated its main components, i.e. alite (C;S =3Ca0O-SiO;) and
belite (C,S = 2Ca0-Si0,), are transformed into hydration products, mainly CSH-gel
and portlandite (P). An AFm phase is also formed in the presence of gypsum, added
as a retardant of hydration, and in the presence of other compounds.

The extent of hydration was measured in this work as the increase in mass of the ce-
ment, AM, (in the air-dry state, i.e. no capillary water). For interpretation purposes
of interpretation in this study, this was divided into several parts:

1) The water, sorbed on the external surface of the layered particles of CSH-gel
and evaporable at 110°C (E£V). From this, S was estimated in a separate paper [1].

2) The water non-evaporable at 110°C (non-EV), bound by the following
hydration products non-evaporable at 110°C (non-EV):

a) Water bound with low energy (e.g. in hydrates, or as dipolar molecules), rep-
resented by G, (H,0) = AM (110-220°C). This includes some interlayer water in the
poorly crystalline CSH-gel with a disordered layered structure and a given S, the main
product of cement hydration. It consists mostly of the structurally imperfect jennite
[Ca,H,Si,0,,(OH),-6H,0, 18-1206 in [2]] and also of 1.4 nm tobermorite [Ca,Si,O,;
(OH),-8H,0, 29-331 in [2]], missing some of the silica tetrahedra [3]. These formu-
lae distinguish the hydrate water from the structural water. The Arrhenius energy of
polymerization for the dimer and polymer, was calculated as 35 and 100 kJ mol " re-
spectively [NMR [4]].

1.4 nm tobermorite loses interlayer water at about 140°C, collapsing to 1.1 nm
[28] and at 250-300°C the 0.9 nm species results. The water contained in gypsum
CaSO0,-2H,0, evaporates at 110-120°C and at 170—180°C, while it escapes from other
hydrated sulfates (4Fm phase, i.e. monosulfoaluminate [Ca,Al(OH),],SO,-6H,0, it
escapes by 250°C [5]. Some residual water may be bound at temperatures above
110°C, on analogy with ground clays, from which it escapes up to 280°C [6]. This wa-
ter therefore belongs in the point discussed below.

According to Mackenzie [7], all the forms of tobermorite and both CSH-I and
CSH-II give one endothermal minimum at 100-200°C and another at 200-300°C. The
minima for jennite occur at higher temperatures, i.e. the first at 200-300°C and the
second at about 400°C. All of them recrystallize exothermally into wollastonite at
>800°C, with no change in mass.
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b) Zeolitic water escaping between 220 and 400°C [defined here as chemically
bound and expressed as G, (H,0)]. This water is bound with an energy exceeding the
thermal energy at 220°C. It is present in the poorly crystalline CSH-gel and in the
AFm phase. Within this temperature range, dehydroxylation may occur [7].

c) Water released from P dehydroxylation, i.e. the chemically bound water in P
[Ca(OH), — CaO + H,0] escapes nominally at 580°C, but in cement this occurs at
400-500°C [8]. In freshly prepared cement of high strength (OPC-50), the XRD P
peak disappeared after heating at 400°C [9,10] and a high increase in mass was ob-
served on contact with air and heating at 400°C due to the formation of carbonate [9].
On heating at 220°C, cooling in air and reheating at 400°C, the sample masses of
OPC-50, slag cement 30 and slag cement A, increased by 8.8%, 2.2% and 2.0%, re-
spectively. Accordingly it was assumed previously that P decomposes at 400°C and
that carbonate is formed at this temperature [9], which may depend on the size and
imperfections of the crystallites, on the density of the paste and on the duration of
heating. In the present study a similar heating of cement paste at 400°C did not pro-
duce a mass increase. Thus, the decomposition of P followed by carbonation oc-
curred above 400°C.

d) On heating above 400°C and on contact with air, i.e. in the presence of CO,, P
is transformed into CaCO, [11]. This reaction may occur in cement to a certain extent
at room temperature, leading to calcite, vaterite and aragonite [12]. The nominal tem-
perature of decomposition of calcite is 898.6°C but in cement it occurs at 600—700°C
[5]. In hydrated cement paste, some crystallites (particles) of this compound are very
fine and/or imperfect, and the temperature of their decomposition is therefore lower
(see below, TEM).

In typical cement paste cured for 28 days at a water/cement ratio of w/c = 0.5 and
equilibrated at RH = 0.11, the calculated volume percentages were reported to be as
follows: unreacted klinker 11%; CSH-gel 29%; Ca(OH), 11%; AFm phase 9%;
CaCO, 1%; pores 39% [13].

Experimental

Materials

Ordinary portland cement of grades 33 and 43 (Indian Standards, IS: 8112-1989) was
supplied by the National Council for Cement and Building Materials (NCB, New
Delhi, India). The chemical compositions are shown in Table 1, as measured by stan-
dard methods at NCB for cement powder (Table 1a) and as estimated by SEM
equipped with EDX for cement paste (Table 1b).

Table 1a Chemical composition of the cements C-33 and C-43 (in mass percent)

CaO SiO, AlLO;  Fe,0O3 MgO K,O SO, Na,0O LOI
C-33 61.8 21.4 5.6 3.0 1.8 0.77 2.2 0.25 2.3
C-43 61.0 20.9 5.3 3.1 3.6 0.89 1.5 0.45 2.7
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Table 1b Chemical composition of the cement pastes C-33 and C-43 as measured by EDX at
magnification x500 (hydrated for 1 month, aceton treated)

CaO Si0, ALO; Fe, 05 MgO K,O Photo
C-33 60.9 27.6 5.7 4.1 1.1 0.64 386

60.7 29.2 4.8 32 1.7 0.37 -
C-43 59.6 28.5 4.7 3.9 2.6 0.68 381
Cc-43" 534 325 5.9 4.0 3.6 0.71 385

“Selected surface not containing portlandite crystals

Methods
Hydration in liquid water

Cement paste prepared at w/c = 0.4 was formed into standard cubes at NCB and
stored at room temperature, in the water-submerged state, for th =1 month or 6
months. Samples were (a) air-dried at room temperature or (b) submerged in acetone,
followed by air drying. They were either broken for SEM or crushed (not ground) for
the XRD study. Additionally, they were investigated after wetting for several hours
and drying at 40°C (sensitivity to weathering). Only selected results of the SEM,
TEM and XRD studies are presented here, attention being concentrated on the water
content and heating test results.

Hydrated cement paste was investigated either directly by static heating (SH) at
the temperature values mentioned below or after the following measurement of sorp-
tion of water vapour, to estimate S [1].

The static heating was done right after hydration. The XRD, SEM and HTREM
studies were done on samples stored for a prolonged time.

Hydration in water vapour

Samples of hydrated cement paste (5 g in triplicate) were placed in aluminium con-
tainers and stored in desiccators over suitable solutions, at the given RH (relative wa-
ter vapour pressure, p/p,), at constant 30°C and at atmospheric pressure.

RH was either increased successively, in WS (RH = 0.5— 0.95 — 1.0) or de-
creased successively in WR (RH =1.0 — 0.95 — 0.5). The duration of storage was 2
weeks in each case. Changes in mass were recorded.

The RH conditions were achieved over (i) saturated Mg(NO,), solution, RH =
0.5, (ii) 10% H,SO, solution, RH = 0.95, and (iii) distilled water, RH = 1.0, corre-
sponding to (i) the air-dry state, (ii) the conditions in the paste and (iii) the possibility
of full hydration.

The static heating was done right after dehydration. The XRD, SEM and
HRTEM studies were done on samples stored for a prolonged time.
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Isothermal (static) heating

The hydrated paste samples were heated statically either before (SH) or after the sorption
test (WS and WR, if for increasing or decreasing RH, respectively). The heating condi-
tions were 110 overnight, 220 for 8 h, 400 for 4 h, 600 for 2 h and 800°C for 1 h.

After heating at 220°C, the samples were transferred from aluminium to ceramic
containers. The subsequent contact with air and with CO, resulted in an increase in mass,
measured overnight.

Both the water content (W, escaping at 110°C as EV) and the mass gain on
hydration, retained on heating at the given temperature 7 [in °C], i.e. A M(T), were calcu-
lated in mass percentage relative to the sample mass at 800°C, i.e. AM(800°C) = 0 and
AM(110°C) = non-EV. For unhydrated cement powder, AM(110°C) was about 1%.

The sorption test and the heating test were earlier applied to clays to estimate the
specific surface (proportional to the sorbed water content) and the contents of acces-
sory minerals [14]; they have also been applied successfully to cement (e.g. [15]).

X-ray diffraction (XRD)

A Siemens Kristalloflex equipped with a graphite monochromator, CuK, and a
SICOMP PC 16-20 computer with files of standard minerals JCPDS-ICDD were
used. Paste samples were prepared by crushing (not grinding), which exposed the
weakest and most reactive surfaces. Both powder and paste samples were studied: (i)
in the air-dry state and after wetting and drying; (i) additionally, the paste samples
were treated with acetone and studied in both air-dry and wet-dry states.

Scanning electron microscopy (SEM)

A JEOL JSM-5400 scanning electron microscope equipped with an energy dispersive
X-ray analysis detector (EDX) was used to obtain micrographs and to estimate the
chemical composition at a microscopic level, either with general acquisition or with
point acquisition on a surface prepared by sample splitting, i.e. the weakest one.

High-resolution transmission electron microscopy (HRTEM)

A Philips CM200 microscope was used, operating at 200 kV, with a side-entry
goniometer, equipped with an EDX detector.

Several small and thin particles of cement powder hydrated in WR or WS were
suspended in acetone, dropped onto a copper grid, coated with carbon film and se-
lected for TEM study and further analysis. Only selected results pertaining to the dis-
cussion. will be presented here.

Results and discussion
XRD

The following compounds were observed by XRD in the hydrated pastes C-33 and C-43
(Fig. 1).
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Some unhydrated alite and belite were found in the pastes stored for 1 month,
with peak intensities similar to those for C-33 and C-43 (0.278, 0.219 and 0.198 nm,
corresponding to the joint alite + belite peaks; Fig. 1a). The intensity was decreased
after hydration for 6 months (Fig. 1d). Alite is almost completely hydrated after
1 year, and belite to an extent of about 70% [16].
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Fig. 1 XRD patterns of cement paste C-43 : A — stored for 1 month, B — wet-dry,
C — acetone treated, D — stored for 6 months

The P peaks were the strongest for both hydrated pastes [0.492, 0.311, 0.263
(main), 0.193, 0.180 and 0.169 nm]. An increase in relative intensity was observed
after the longer hydration time (Fig. 1d), whereas a significant decrease was noted af-
ter wetting and drying of the samples (Fig. 1b). The main ettringite peak at about
0.97 nm was found only for some samples after wetting and drying and in the paste
C-33 (6 m).

On prolonged contact with air after the hydration of cement paste, the CaCO, was
formed as calcite (C, 0.303 nm, coinciding with alite), vaterite (V, 0.3295 nm) and ar-
agonite (A, 0.3396 nm, Fig. 1a); their peak intensities increased after wetting and drying
(Fig. 1b). The intensities were low for samples pretreated with acetone (Fig. 1¢) and they
were also much smaller in the pastes hydrated for 6 months (Fig. 1d) than in those hy-
drated for 1 month. In this case, some small analcime peaks were observed, also after
wetting and drying (Fig. la and 1b), though the peaks may be due to ettringite (AF?
phase). Formation of zeolite-like morphology was earlier seen in the environmental SEM
after wetting and drying of a hydrated cement powder [17].

The main XRD peaks and their peak intensities are presented in Table 2. The results
of the XRD study will be discussed in detail elsewhere. The results of the SEM and TEM
studies are likewise not presented in full, but only those pertaining to this discussion.

J. Therm. Anal. Cal., 69, 2002
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SEM

The homogeneity of the stronger paste C-43 increased with the duration of hydration,
but the paste (6 m) contained more and bigger macropores than the paste (1 m) (250
and 50 um, respectively, Fig. 2A).

The microstructure of the sample of the paste C-43 was more uniform and more
compact than that of C-33, which formed aggregates with narrow cracks between
them and contained grains of unhydrated klinker (Fig. 2B, a).

Fig. 2A SEM micrographs of cement pastes change in homogeneity, in pore size and
their number with the hydration time in paste C-43, at magnification x50 : a —
hydrated for 1month, 516, b — hydrated for 6 months, 509

Fig. 2B SEM micrographs of cement pastes homogeneity of microstructure of the pastes
hydrated for 1 month and acetone treated, at magnification x500 a — C-33, 386,
b—C-43, 381

P crystals occupied some pores in both cements [compare [18]]. Bigger and
better formed crystals were observed in cement C-33 (compare Fig. 2B, b and
Fig. 2C, a), whereas those in the pores of paste C-43 increased with the duration of
hydration (Fig. 2B, b and 2C, b). These crystals may have developed on drying of the
pore solution. A bigger grain size of the cement components (alite and belite) was
found to have a negative influence on the cement strength [19].

For both C-33 and C-43 it was difficult to find a microsurface without P crystals
for representative EDX analysis. Such surfaces indicated a lowered content of Ca and
an increased Si-content (compare Table 1a with 1b). The higher content of Mg in
paste C-43 (Table 1) may favour the formation of a fibrous sepiolite-like phase,
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Fig. 2C SEM micrographs of cement pastes (C) portlandite crystals in macropores
a— C-33 hydrated for 1 month, ac, 387, x1000; b — C-44, hydrated for 6
month, 527, x500

Fig. 2D SEM micrographs of cement paste C-44: a — an unusual pore in the paste hy-
drated for 6 months, ac 512, x1000, b — the pore interiour representing a sepio-
lite-like phase

which may cause an increase in strength (e.g. [20, 21] and Fig. 2D), though there is an
opinion that a high content of MgO may induce a high increase in volume, causing
swelling (Finland). It is also possible that a low amount of MgO is favourable,
whereas a high content may be harmful.

TEM

Some needles were formed on the surface of the cement powder on its hydration in water
vapouri these were studied by TEM, (Fig. 3A). They were similar to those observed in-
side the pores of hydrated cement paste. The bigger Ca**-ions (= 0.10 nm) were accu-
mulated at one end of such a needle, whereas the distribution of the smaller Si and Al ions
(0.026 and 0.039 nm, respectively) were similar along the needles, or sometimes higher
at the other end. This indicates a dissolution-diffusion-recrystallization processs [com-
pare [22]]. The dissolution causes over-saturation in the neighbourhood of the grain and
the rapid formation of crystals, which is favoured by stirring [23-25].

In a cluster around its core formed of CSH-gel (inner product), a polycrystalline ma-
terial was observed, separated from the amorphous centre (Fig. 3B). This is analogous to

J. Therm. Anal. Cal., 69, 2002
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|mtemaiiy | 4.1

Fig 3A A needle found on the surface of cement powder hydrated in water vapour in
WR: a— TEM micrograph at a low magnification, b — the correspoding ED spec-
trum, ¢ — the graphic representation of the variability in chemical composition
along another WR needle

Fig 3B A cluster separated from cement powder, hydrated in WS, as composed of
polycrystalline material in its lower part and of an amorphous core: a— TEM
micrograph at a low magnification, b — TEM micrograph at a high magnification
showing the crystalline part, ¢ — the corresponding ED pattern, d — EDX spec-
trum from the lower crystalline part of the cluster

the formation of a Ca(OH), rim around the fibre periphery, resulting in interfacial adhe-
sive bonds, as observed by Chan and Li [26]. The polycrystalline material found here
(Fig. 3B) may also be composed of Ca(OH), and of calcite formed on its carbonation:
Groves et al. [27] found microcrystals of this compound only within the outer product,
accompanied by Ca(OH), in the form of much larger imperfect crystals.

Another cluster was composed of P nanocrystals (Fig. 3C), indicating a good
crystallinity in electron diffraction (ED). Such small crystallites may decompose at a
lower temperature than that for bigger ones (see below). The nanosized hydration
products may also play an important part in the mechanical properties of cement
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Fig 3C Portlandite cluster separated from cement powder, hydrated in WR: a — TEM
micrograph at a low magnification, b, ¢ — the corresponding ED patterns taken
in two different areas, d — enlarged image showing poly-crystallinity

[28-29]. Thus, the temperature of their decomposition, if dependent on the size of
their particles (see below), may be correlated with the cement strength.

Hydration in liquid water and water vapour
Total mass increase, AM,, and mass change on static heating, SH

The air-dry weight of cement increases on hydration, due to the binding of water. The
extent of hydration, i.e. the total increase in mass, AM,, and its change at the given
temperature, AM(T), are presented in Fig. 4 and are discussed below.

AM, and the respective mass at the given temperature are higher at a higher ce-
ment strength [AM(C-43) > AM(C-33)] and for longer hydration [AM(6 m) >
AM(1 m)] (Fig. 4, TG curves). The exception is AM(600°C), i.e. AM(C-33; 600°C) >
AM(C-43; 600°C). In both pastes hydrated for 6 months, almost total decomposition
of the respective component below this temperature was observed.

The effects of the paste strength and the hydration conditons on £V and on the
components of non-EV, are summarized in Table 3. EV is discussed separately and
used for the estimation of S [1].

Non-EV water content

For the paste hydrated in liquid water only (SH), the total non-EV, i.e. AM (110°C)
was smaller at the lower paste strength and increased with the duration of hydration

J. Therm. Anal. Cal., 69, 2002
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Fig. 4 TG curves of the cement pastes hydrated in liquid water

(Table 3, column d). Subsequent hydration in water vapour caused increases in
AM(T) for both pastes (1 m), in both WS and WR, i.e. hydration proceeded. For both
pastes (6 m), this value remained unchanged in /S and increased slightly in WR..

As mentioned above, an exception was AM(600°C) (Table 3), column h in pastes (1
m) studied by SH, this value was high (5.7% and 3.3% for C-33 and C-43, respectively).
It dropped to 0.7-0.8% on hydration for 6 months in liquid water. After subsequent
hydration in water vapour, AM(600°C) was almost zero for both (1 m) pastes, whereas it
increased considerably in water vapour for the (6 m) pastes and was higher in WS (6%)
than in WR (3—4%) (Table 3, column h). These problems are analysed below.

Hydration products

The content of water bound with low energy [Gon(H,0) = AM(110-220°C)] was inde-
pendent on the cement strength, but it increased with the hydration time. For the (1 m)
pastes, it was 2.9% and 2.8% for C-33 and C-43, respectively. For the (6 m) pastes it
was 3.3% (C-33) and 3.8% (C-43). Hydration proceeded in water vapour, especially
for both (6 m) pastes studied in WR at decreasing RH; thus, it was 5.4% for the (6 m)
pastes, and only 2.9-3.0% for the (1 m) pastes. It is assumed that this water represents
the hydrates and part of the interlayer water in the CSH-gel, approximately character-
izing its content. From stoichiometric considerations and the SO; content (Table 1a),
it may be inferred that, on the full hydration, the hydrate water content in AFm is
2.97% (C-33) or 2.02% (C-43) with similar values for the OH water content escaping
at higher temperature.

J. Therm. Anal. Cal., 69, 2002
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In 1.4 nm tobermorite, the monolayer of water escaping at 140°C accounts for
9% of the entire tobermorite content (803.1:[4H,0] = 0.09). The same amount es-
capes at 250-300°C from 1.1 nm tobermorite as the second monolayer of water.

The content of chemically bound (zeolitic) water in CSH-gel, i.e. G,(H,0) =
AM(220-400°C), increased slightly with strength (3.5 to 3.9%) and with duration of
hydration (4.6 to 4.7%) (Table 4, column d). Its variation after the WS/WR test was
difficult to interpret. It may represent dehydroxilation of the AFm phase and the
CSH-gel.

The relatively low values of AM(220-400°C), show that the P did not decom-
pose significantly below 400°C, which is in agreement with [8], indicating P decom-
position at 400-500°C. Its transformation to CaCO, occurred above 400°C on contact
with the air [11]. This transformation at a lower temperature is neglected here.

The content of water released from P, P(H,O) is assumed here to be represented
by AM(400-800°C). Within this temperature range both P and the calcite formed on
its carbonation decompose at >400°C. When measured by SH (hydration in liquid wa-
ter only; Table 4, column e, SH), this value was independent of the cement strength
(8.8-8.9%) and increased to 10.3—10.7% on longer hydration. As shown by SEM, the
P crystals were better formed and bigger in the macropores of paste C-33 (Fig. 2C, a),
whereas they grew with longer hydration in the stronger C-43 (Fig.2A, b and 2B, b).
P formation was not terminated at #, = 1 month in liquid water; thus, P(H,0O) in-
creased in water vapour (both in WS and WR). It was not increased after #, = 6 months;
thus, P was fully formed, and storage in water vapour almost did not change its esti-
mated water content (a slight increase for C-33; Table 4, column e). The values of
AM(400-800°C) at t, = 6 months were similar for C-33 and C-43 and in all three tests
(SH, WS and WR).

Part of the P in the hydrated paste was transformed intoCaCO,, which decom-
posed above 600°C and was determined as AM(600°C) (Table 3,column h).

The pastes (Im) hydrated in liquid water only were sensitive to carbonation, in
agreement with the XRD results. AM(600°C) was 5.7% and 3.3% for pastes C-33 and
C-44, respectively, i.e. it was higher for the weaker paste. Surprisingly, it was close to
0% on subsequent hydration in water vapour (W.S/WR). An opposite change was ob-
served in these values for pastes hydrated for 6 months (Table 3, column h):
AM(600°C) was less than 1% for SH samples, whereas sensitivity to carbonation was
indicated by the significant increase in this value after hydration in water vapour (6%
in WS and 3—4% in WR). For the (1 m) pastes, the mass after contact with air (Table 3,
column f) was only slightly lower than AM(110°C), whereas for the (6 m) pastes it
was higher by approximately the content of carbonates, represented by AM(600°C).
Most probably carbonation occurred in this stage.

The carbonation reaction could have proceeded via an intermediate step:

Ca(OH)z +2C0O, —» Ca(HCO3)2
Ca(HCO3)2 - CaCO; + C02 + Hzo
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This problem needs further study. The sensitivity to carbonation may depend on the
form in which P occurs (the size of the crystallites, their crystallinity, the edge broken
bonds, reactive CaO in amorphous form, etc.) It is also possible that this sensitivity de-
pends on the density of the matrix, i.e. the penetrability of CO, molecules. In the highly
hydrated (6 m) pastes after the WR and WS test, this penetrability and the sensitivity to
carbonation may be high.

All the differences mentioned above exceed the standard deviation.

Conclusions

The effects of the cement strength (C-33 and C-43) and the duration of hydration, (#, = 1
month or 6 months), were studied via water sorption and static heating, by XRD, SEM
and TEM.

1) The total change in mass on hydration (AM,), i.e. the extent of hydration, was
observed to increase with the paste strength and with the duration of hydration.

2) It is composed of the sorbed water, evaporable at 110°C as EV, proportional to
the specific surface S, and of water bound in the hydration products, included in
non-EV, which is mainly responsible for variations in AM . EV and non-EV may be
distinguished by static heating at 110°C, and the contribution of particular hydration
products may be estimated accordingly:

(1) Water bound with a low energy, i.e. hydrate and some of the interlayer water
escaping at 110-220°C as G, (H,0).

(i1) Chemically bound water in the CSH-gel and the AFm phase, escaping at
220-400°C as G, (H,0), possibly OH-water.

(ii1) Chemically bound water in P, P(H,0), escaping at 400—500°C.

(iv) Sensitivity to carbonate formation may be estimated from the mass loss on
decomposition at 600—700°C as AM(600-800°C).

3) The water bound with low energy [G,,(H,0) = AM(110-220°C)] did not
change with the cement strength, but increased slightly on longer hydration.

4) The chemically bound water content in CSH-gel [G,(H,0) = AM(220-400°C)]
increased both with the cement strength, and with the duration of hydration, influencing
the quality of this gel and thus the strength of the paste.

5) The estimated P(H,0) = AM(400-800°C) was almost independent of the paste
strength but increased with the hydration time. The size of the P crystals, as seen in
the macropores on SEM, was dependent on the cement quality (bigger for the weaker
paste C-33) and increased with the hydration time for the stronger paste C-43. The
temperature of decomposition of P needs further checking on more numerous ce-
ment batches prepared from various raw materials.

6) Heating and/or prolonged contact with air may result in the formation of
CaCO, which decomposes above 600°C. AM(600-800°C) was high for the pastes
(1 m, SH), but was negligible on storage in water vapour. It was small for the pastes
(6 m, SH); in this case it increased on storage in water vapour.

7) Nanosized P crystals detected by TEM may contribute to the cement strength.

8) This study should be extended to a larger variety of cements.
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