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Abstract In this study, the calorimeter was applied to
follow the hydration of special cement mixtures exhibiting
expansion or shrinkage compensation. The shrinkage-less
and expansive binders were produced by mixing of Port-
land cement with an expansive additive produced by
sintering and composed of calcium sulfoaluminate (yeeli-
mite), calcium sulfate (anhydrite) and lime. The studies
were focused on the synthesis of this aluminate—sulfate—
lime additive (temperature of burning process as a
parameter controlling the relative activity of components)
from the materials being the by products and subsequently
on the mixture proportions to ensure the hydration process
resulting in non-shrinkage or expansion effect. In the
experiments the proportions of expansive mixture and
cementitious materials were variable. The investigations
with aim to find the relationship between the volume
changes and composition of initial mixtures in cement
pastes and mortars (with sand) were also carried out. The
phase composition and microstructure of products were
characterized. The expansive additive in the environment
of hydrating cement transforms into ettringite and gives an
increase of volume when the plastic material transforms to
the more rigid matter but before the ultimate hardening
takes place. Proper, moderate setting and hardening in
strongly modified mixtures is achieved when the calori-
metric curve corresponding to the heat evolution on
hydration is analogous to that for the basic Portland
cement. The rate of heat evolution data are well compatible
with the other results related to the other methods of
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hydration kinetics assessment (e.g. chemical shrinkage)
and discussed in terms of the phase composition of
hydration products.
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Introduction

The kinetics and mechanism of hydration in various
cementitious systems can be investigated by use of calo-
rimetry [1-5]. The heat evolution curve reflects the rate of
reactions occurring in the hydrating system and accompa-
nying cement setting and hardening. Hydration of cement
paste is a complex process, however, the heat evolution
profile consists generally of the two peaks with the
induction period between them and this can be observed
only in case of binding materials in which the hydration
reactions, structure formation and, finally, proper setting
and strength development occur. Moreover, this method
appears very useful as an auxiliary tool giving an overall
continuous view on the hydration process not only at early
age but also it is very helpful as the more practical
parameters of hardened material should be predicted. The
DTA/TG method has been commonly used for a long time
to characterize the hydration products based on their
dehydration curves on heating.

The standard cement pastes, mortars and concretes show
generally less or more visible shrinkage on setting and
hardening because the volume of formed hydrated phases
is less than the volume of initial components. However, in
some structures, mainly the underground ones, as well as in
some repairing works the expansive or at least shrinkage
compensation binders are needed.
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The expansive cements binders are usually produced by
mixing of different Portland cements with an expansive
additive composed of calcium sulfoaluminate components
or the mixture of calcium aluminate cement and calcium
sulfate (gypsum or anhydrite) [6, 7]. These additives in the
environment of hydrating cement transform into ettring-
ite—3Ca0-Al,03-3CaS0,4-3,H,0O exhibiting a substantial
increase of volume. An expansion of paste should be
observed when the structure loses its plasticity but it is
enough strong to bear the stresses attributed to the expan-
ded crystalline ettringite. Among the three types of
expansive cements classified the ASTM C845-04 standard
[8] the high-calcium aluminate cement based one was the
subject of our previous studies [9, 10]. Our efforts focused
previously on the synthesis of anhydrite-lime sinter to
transform the monocalcium aluminate into ettringite. As a
next step the synthesis of sinter containing three compo-
nents, viz. the calcium sulfoaluminate (compound synthe-
sized by Klein, corresponding to the natural mineral
yeelimite), anhydrite and CaO of activity to produce
ettringite during early hardening of cement paste/mortar
was undertaken. The transformation of this expansive
additive to ettringite can be written as follows:

4CaO~3A1203-503 + 8CaSO4-2H20
+ 6Ca(OH), + 74H,0
= 3(3Ca0-Al,03-3CaS04-32H,0)

The kinetics of this reaction and the course of volume/
structure changes are strongly affected by the chemical
activity and proportions of the Al,O3; and CaO-SOj; bearing
compounds and the presence of CaO [11]. Not only the type
and amount of aluminate proportioned into the Portland
cement determine the rate and amount of ettringite formed
at appropriate time to give the expansion but also the source
of sulfate and calcium ions which provide an environment
to stabilize the ettringite crystals [10—12]. Ettringite begins
to form almost immediately after water is added to cement,
however, it can hinder the dissolution of the other comp-
onents when present as an impermeable layer on the surface
of hydrating grains. On the other side, the calcium sulfo-
aluminate component should be completely synthesized and

Table 1 Composition of basic cement

should exhibit a “hydration ability”. The CaO component
should be neither too active nor inactive (it depends on the
temperature of calcium carbonate decomposition).

In this study the mixtures of cement with the sinter
composed of calcium sulfoaluminate (yeelimite), anhydrite
and calcium oxide, produced by heating at various tem-
peratures in the range 1150-1250 °C. The raw mixture to
be sintered was proportioned (approximately) to give the
ettringite phase; the additives were mixed with the com-
mercial Portland cement to obtain an expansive binder. The
expansion progress versus time was investigated, as well as
the heat evolution process was followed. In the next series
of DTA/TG measurements, the flexural strength determi-
nation and microscopic observations were carried out. The
phase composition of hydrating pastes was studied by
XRD.

Experimental
Materials

The standard Portland cement type CEM 1 42 N commer-
cially available was used as a basic component of expan-
sive binders. The specific surface was approximately
3,200 cm*/g (as measured by Blaine method). The chem-
ical composition is given in Table 1.

The phase composition of Portland cement was as fol-
lows: Alite (tricalcium silicate)—64 %; Belite (dicalcium
silicate)—17 %; tricalcium aluminate—8 %; Brownmille-
rite (tetracalcium aluminoferrite)—6 %, Gypsum—4 %.

The raw mixture for the tetracalcium sulfoaluminate, lime
and calcium sulfate containing sinter (70 % yeelimite to
30 % (anhydrite 4+ CaO)) was proportioned using the des-
ulfogypsum (containing approximately 95 % CaSO,4-2H,0,
that is 45 % SOs; source of calcium sulfate), limestone
(55 % CaO) and bauxite (71 % Al,Os). The chemical com
position of sinter is given in Table 2.

The molar ratios between the calcium oxide, alumina
and sulfur oxide in the sinter are approximately 6:1:3, as in
ettringite. After the homogenization (on grinding) the

Component CaO SiO, Al,O3 Fe,03 MgO SO5 Loss on ignition
Percentage (wt%) 66.0 23.0 4.7 2.4 1.2 1.2 0.1

Table 2 Composition of expansive component

Component CaO Al,O3 SO; SiO, Fe, 05 MgO TiO, Total
Percentage (wt%) 50.1 13.4 31.3 1.4 2.3 0.4 0.6 99.5
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heating of the raw mixture samples at 1150, 1200, 1250
and 1180 °C was done. After cooling the sinters were
subjected to grinding to produce a fine powder (with the
specific surface 3,200 cm?/g approximately, as measured
by Blaine method). The abbreviations for the type of
expansive additive include the “CSA” (here: C = CaO,
S = SO;5; and A = Al,O3) and temperature; therefore we
have CSA 1150, CSA 1180, CSA1200, 1250 CSA.

In the basic series of experiments the mixture was added
as a 8 and 15 % cement replacement; the dosage of addi-
tive was fixed basing upon the former experiments [9, 10].
In some experiments the hydrating pastes were produced
using the 2, 4 12 % additive. The expansive mixture
without Portland cement was also examined, as well as the
basic cement (reference).

Methods

Basing on our previous experiences with expansive mate-
rials we firstly prepared the glass vessels with expansive
binders, as for XRD and DTA/TG studies; the best
expansion (earliest damage of vessels) was found for the
mixtures of cements with CSA 1,200 and 1,150; therefore
we decided to produce a sinter at “mean” temperature—
1,180 °C. The possibility to lower the temperature of
synthesis is important from the energy saving and further
practical implementation of our results.

The partially restrained expansion of cement—expan-
sive additive blends was tested using a special equip-
ment—the horizontal moulds playing the role of restraining
cage with one moving endplate touching the measuring
screw. The changes of position were transferred through
the sensor of movement to the data logger linked with
computer. In such a way the continuous measurements
were possible. The pastes prepared at water to solid ratio
0.40 (w/s; lowered from standard 0.5 to avoid bleeding),
mixed in special blender to counteract the early stiffening,
were placed in the moulds and covered with thin polyeth-
ylene foil. The moulds with pastes were stored at constant
temperature 23 + 2 °C.

The nonisothermal-nonadiabatic differential microcal-
orimeter was used to follow the heat evolution on hydration
(modified BMR differential microcalorimeter from the
Institute of Physical Chemistry, Polish Academy of Sci-
ence in Warsaw). Hydrating pastes were prepared by
mixing of 5 g samples with 2.5 ml of water (water to solid
ratio 0.5; as in many standard measurements for cements);
the initial temperature was kept constant at 25 °C. The heat
evolved values were measured with accuracy of £5 J/g.

The phase composition of selected hydrating pastes was
characterized by XRD (Philips diffractometer) and DTA/TG
measurements (Derivatograph Q1500 D; mass of samples—
700 mg, heating rate 10 °C/min, in air). In order to produce

the specimens for XRD and DTA/TG studies the pastes
hydrating for 1, 2 or 3 days at water to solid ratio 0.5 were
finely crushed, washed several times with acetone and care-
fully dried with cold air to remove the free water
(to stop further hydration). The mortars with the following
composition: cement (with or without relevant cement
replacement)—450 g, standard quartz sand—1350 g, water
—200 ml were prepared, cured in standard conditions [13]
and subjected to the strength measurements. The fractured
hydrated samples (3-day hydration), were examined under
SEM.

Results

The calorimetric results, expansion measurements, XRD
studies for samples containing the additives synthesized at
different give the similar sets of figures; that is why only
the examples are given.

The plot illustrating the expansion of pastes versus time
is shown in Fig. 1. The heat evolution curves (selected
examples) are shown in Figs. 2, 3 and 4. The example sets
of diffraction patterns for hydrating cement mixtures and
hydrating expansive additive are shown as Figs. 5, 6 and 7.
The development of flexural strength on bending is shown
in Fig. 8. The example microstructures of fractured 3-day
hydrated samples are presented in Fig. 9 and finally, the
samples with no unbound water, removed to stop further
hydration, were subjected to the DTA/TG measurements.
Their results are presented in Fig. 10 and in Table 3.

Discussion

Though all the sinters had similar impact on the volume
changes when added to Portland cement, a little better
expansion was found for the tetracalcium sulfoaluminate,
lime and calcium sulfate containing sinter synthesized at
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Fig. 1 Restrained expansion of pastes versus time, growing with the
percentage of expansive mixture (CSA 1180)

@ Springer



532

W. Nocun-Wezelik et al.

. dQ/dt10J/gh

+8%CSA

Reference
r—,

1 [ = = -
o I \
15 % CSA

0 T T ' T R |

0 5 10 15 20 25 30 35 40
Time/h

Fig. 2 Rate of heat evolution curves for the CSA 1200 additive and
expansive cements with 8-15 % CSA; w/s = 0.50
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Fig. 3 Heat evolved values for the CSA 1180 additive and expansive
cements with 8-15 % CSA; w/s = 0.50

Reference % CSA

100 %

Qi Jg
a

0 10 20 30 40
Time/h

Fig. 4 Heat evolved values for the CSA 1250 additive and expansive
cements with 8-15 % CSA; w/s = 0.50

1180 °C. This series of samples was subjected to more
detailed studies. As one could expect the expansion
depends upon the amount of expansive additive (Fig. 1).
The small linear changes slightly exceeding 1 and 3 mm/m
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Fig. 5 XRD. Phase composition of pastes after 2-day hydration, for
the reference cement (/), cement with 8 % CSA 1200 (2), cement with
15 % CSA 1200 (3) and CSA 1200 expansive additive (4); w/s = 0.50
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Fig. 6 XRD. Phase composition of pastes after 3-day hydration, for
the reference cement (/), cement with 8 % CSA 1200 (2), cement with
15 % CSA 1200 (3) and CSA 1200 expansive additive (4); w/s = 0.50
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Fig. 7 XRD. Phase composition of pastes produced from expansive
additive CSA 1200 hydrated 1-day (/), 2 days (2) and 3 days (3);
w/s = 0.50

(0.1 and 0.3 %, respectively) were found for the 2 and 4 %
CSA content (these binders can be considered as a
shrinkage compensating ones), while for 8 % CSA the
paste revealed 7 mm/m (0.7 %) length growth. At higher
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Fig. 8 Flexural strength of standard expansive cement mortars (CSA
1180) after 1, 3, 7 and 28-day hardening

Fig. 9 SEM. Microstructure of
hardened expansive cement
samples with 8 % CSA 1180
additive (left) and 15 % CSA
1180 additive (right) after 3-day
hydration. See the elongated
ettringite forms

content (15 %) of expansive additive the length increase
was 17 mm/m (1.7 %) and this value seems to be too high
to avoid some microcracks and lowered durability. The
results comply with the range of linear changes attributed,
in the ASTM 845-04 standard, to the shrinkage compen-
sation and expansive material (though the composition of
sample and measuring mould decline from that recom-
mended in ASTM). Expansion commences 1 day after
mixing of cementitious material with water and the most
evident, steady growth takes place during the first
3—4 days, however, except of the sample with 15 % CSA.
It means that the ettringite formation occurs at moderate
rate and it is not limited by setting process and precipita-
tion of the other hydration products. The volume increase
becomes slower and slower during the next 5-7 days from
the beginning of the processing with water and then it
stabilizes.

Fig. 10 DTA curves of
hydrated reference cement,
expansive cements and
expansive additive (CSA 1200)
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Table 3 TG-measurements: loss of mass and estimated contents of calcium hydroxide based upon the TG data (CSA 1200)

Sample After 48 h After 72 h
H,O in ettringite Ca(OH), (wt%) H,O0 in ettringite Ca(OH), (wt%)
and C-S-H (wt%) and C-S-H (wt%)

Reference cement 12.0 13.6 13.3 12.3

100 % CSA 13.0 8.9 14.3 8.2

15 % CSA 14.3 12.3 13.7 11.7

8 % CSA 14.0 12.0 14.3 12.3

The calorimetric curves for those samples which exhibit
proper “standard” expansion do not decline specially from
the commonly known heat evolution plots for Portland
cement (Fig. 2). Obviously, they reflect some shortage of
“basic” cement, however, the formation of some more
ettringite, being highly exothermic (high, broadened first
peak, shorter induction period, lower second peak) is
proved. The amount of ettringite seems not to be too high
at the beginning and during the induction period, however,
it is sufficient to produce the effect of shrinkage compen-
sation or expansion as it is observed (Fig. 1). Further
ettringite formation coincides well with the formation of
the other hydration products, after the induction period.
This can be noticed on the Q(¢) = f(r) curves (Figs. 3, 4)
where the line for the sample with 15 % CSA is situated
above that for the sample with 8 % CSA. One can see that
the hydration of CSA itself is accompanied by a rapid heat
evolution in a form of one single dQ/dr peak (Fig. 2) and
that the reaction of CSA 1180 with water goes with better
effectiveness (steady growth over longer period of time,
high Q value) than the hydration of CSA 1150, 1200 and
1250; the latter one plotted as an example (see Figs. 3, 4).
Presumably the better activity of particular components in
the CSA 1180 allows to produce more ettringite without
disturbing the dissolution of initial material. The ettringite
is known as forming an impermeable layer during the early
cement hydration; however, the diffusion of water through
the impermeable layer of hydrates results in swelling of
hydrated calcium silicates from Portland cement compo-
nent and this barrier collapses after a time.

The XRD plots showing the phase composition of pastes
after 2 or 3 days of hydration with different percentage of
additives are presented as Figs. 5 and 6. The ettringite
phase is present in all the samples and the differences of
intensity between the peaks attributed to ettringite both in
reference cement and 100 % CSA seem not to be very
impressive. This would suggest the presence of the layer of
hydration products (basically ettringite) surrounding the
hydrating grains and hampering the dissolution of initial
unhydrous phases. The amount of ettringite is slightly
growing with the percentage of expansive component,
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there is also some anhydrite residue (visible mainly in the
sample with 100 % expansive mixture), some gypsum
(product of anhydrite hydration) and Ca(OH),. The latter
phase originates both from CaO and calcium silicates
(main constituents of Portland cement) hydration. The
peaks in the range 29° =+ 35° 20 are attributed to the
residue of anhydrous cement phases (calcium silicates) and
become lower with time. It means that the hydration of
Portland cement constituents is continued. Obviously, in
the hydrated samples of 100 % CSA additive (Fig. 7) the
ettringite is somewhat better visible together with the res-
idue of anhydrite and yeelimite phase. The anhydrite phase
seems to play a role of the sulfate anions source—it enters
the solution to form ettringite; a small amount of gypsum
from anhydrite hydration appears at later age.

The flexural strength of mortars with cement replace-
ment is, as one could expect, lower than the value for
reference, proportionally to the CSA percentage (Fig. 8),
particularly after 1 or 3 days. However, the relative dif-
ferences reduce with time and become negligible for var-
iable CSA content. The hardened material is undoubtedly
strengthened—the 7 and 28-day flexural strength data
prove also the formation of fibrous ettringite component
modifying the structure of hardened cement composite.

The presence of ettringite is clearly seen in the SEM
micrographs (Fig. 9). This is a dominating component of
hydrated paste, located together with calcium silicate
hydrate in its weakest part exposed after crushing before
SEM specimens preparation.

There are three peaks on the DTA curves (Fig. 10)—the
first one in the range up to approximately 350 °C (dehy-
dration of ettringite, gypsum, calcium silicate hydrate), the
second one with the maximum about 480 °C (dehydration of
calcium hydroxide) and a peak(s) in the temperature range
from 650 to 750 °C (the reaction between the dehydration
products: aluminium oxide, calcium oxide, silica, visible for
100 % CSA, as well as the decomposition of some carbon-
ated CaO). One can notice the similarity between the course
of DTA curves both for reference cement and cement with
additive, as well as for 100 % calcium sulfoaluminate—
anhydrite—Ilime sinter. In case of CSA component, where
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there is no calcium silicate from cement, the presence of
Ca(OH); can be attributed only to the hydration of CaO.
The TG data (Table 3) for hydrating expansive binder
and expansive sinter only were used to evaluate the content
of ettringite. Taking into account the calcium hydroxide
content and assuming that the rest of CaO entered the
ettringite phase, the approximate percentage of initial
additive material combined to form ettringite was evalu-
ated for ca. 60 % after 2 days. The similar or a little higher
ettringite content is presumably present after 3-day hydra-
tion of CSA sinter, as one could conclude from the XRD
data (Fig. 7). Considering the XRD results (the intensity of
XRD peaks corresponding to this phase) for cement with
expansive component produced pastes one can conclude that
the effectiveness of “additional” ettringite formation in
these hydrating mixtures is rather high, as the contents of
ettringite forming compounds and are taken into account.

Conclusions

e Heat evolution at the presence of expansive mixture
giving the controlled shrinkage compensation or expan-
sion effect, corresponding to ettringite, is well com-
patible with the heat evolution for matrix cement. The
heat evolved value is the highest for the most effective
calcium sulfoaluminate additive CSA 1180 °C.

e The mixtures composed of the Portland cement and the
calcium sulfoaluminate—lime—anhydrite sinter play suc-
cessfully the role of shrinkage compensation or expan-
sive material. The mixtures added as ca. 2 or 4 %
Portland cement replacement give a slight expansive
effect; at the 8 or 15 % cement replacement—the con-
trolled expansion occurs. The volume changes are
markedly reduced after the first 3—4 days, particularly
at low expansive additive content.

e The hydration products formed in cement paste with
expansive mixture are: ettringite, calcium hydroxide
and calcium silicate hydrate and gypsum. The early
hydration is controlled by the formation of ettringite;
the amount of this phase stabilizes after 3-day hydra-
tion; further growth of hydration products is slowed
down. This situation, however, can have a beneficial
impact on the development of some practical properties
(strength, durability).
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