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Abstract

Ordinary TGA and high-resolution TGA tests were carried out on three different Portland cements to study
the phases present during the first day of hydration. Tests were run at 1, 6, 12, and 24 hours of hydration, in
order to determine the phases at these ages. High-resolution TGA tests were used to separate decompositions
presented in the 100-200 °C interval. The non-evaporable water determined by TGA was used to determine
hydration degree for the different ages. The effect of particle size distribution (PSD) on mineralogical
evolution was established, as well as the addition of calcite as mineralogical filler. Finer PSD and calcite
addition accelerates the hydration process, increasing the hydration degree on the first day of reaction
between water and cement. According to high-resolution TGA results it was demonstrated that ettringite was
the only decomposed phase in the 100 — 200 °C interval during the first 6 hours of hydration for all studied
cements. C-S-H phase starts to appear in all cements after 12 hours of hydration.

Key words: TGA, high-resolution TGA, hydration degree, cement pastes

1. Introduction

At early ages, right after mixing cement and water, cement paste has the lowest capacity to support loads, but
it has the greatest possibility to generate internal stresses, which are the origin of cracks [1-3]. Cracks formed
during this early age are internal and microscopic, but they can open and grow, thus generating big problems
with time [4].

Early cracks are generated during the first 24 hours and they are usually associated with volume changes at
early ages [5-7]. Volume changes at this time are the result of complex physicochemical phenomena. These
phenomena are related to hydration reactions between cement and water and the progressive hardening of the
material [6, 8]. Hydration products volume is less than the one of the original materials, including mixing
water, which produces shrinkage. This shrinkage is associated to mineralogical evolution and brings
important performance implications at early ages of materials related to cement [2, 6, 9]. That is why it is
important to study the mineralogical evolution during the first hours of hydration and thermogravimetric
analysis (TGA) is an adequate technique to study this phenomenon.

The thermogravimetric analysis (TGA) measures mass changes in a material as a function of time at a
determinate temperature (isothermal mode) or at a temperature range with a fixed heating rate [10, 11].
Usually, the mass variation is a loss due to chemical reactions during heating. Volatile compounds are
produced during the heating, being the produced reactions of different types: combustion/oxidation,
dehydration and decomposition [12, 13]. The mass loss curve obtained in a TGA test and its first derivate
curve (derivative thermogravimetry, DTG) are useful to identify the phases and to quantify some of the
phases in a sample of clay, plaster, gypsum and cements, among others. [13-15].

TGA is a useful technique to study physical and chemical phenomena associated to formation of cement-
hydrated phases [13, 16]. The problem of this technique for cementitious materials is that the decomposition
temperature of different phases is too close, generating peaks overlapping in the DTG curve [15]. In cement
pastes, it is usual to find overlapping of ettringite, C-S-H and gypsum DTG peaks. The decomposition of
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these phases is in the 100 — 180 °C range and the constant heating of the test impedes the differentiation of
each peak. This is showed in the DTG curve as shoulders or widening peaks in this temperature range. The
phases cannot be identified in this zone of the thermogram and quantification of phases is a difficult task [15,
17, 18]. Portlandite is the hydrated phase of cement that can be quantify in an accurate way using TGA
technique. The decomposition temperature of portlandite is far from other phases (around 500 °C) [13, 16].

It has been noticed that adaptation of the heating rate is essential for investigation on thermal decomposition
reactions. This procedure also helps to separate overlapping slow dehydration steps and allows for quasi-
isothermal conditions during the main reactions [11, 12, 14, 15, 17,19]. Some TGA equipments count with the
high resolution (Hi-ResTM) or maximum resolution (MaxResTM) module that reduces the heating rate when
a mass variation of the sample is detected [13]. Running a whole TGA test using low heating rate, could be
another way to avoid peak overlapping, but it would be a time consuming and, therefore, very expensive test
[15,17].

With the high-resolution module, heating rate varies in a continuous and dynamic way to increase resolution,
according to mass loss rate. It means that the heating rate will be reduced in those points where a significant
mass change is detected and it will be increase when no mass change is detected [14]. Based on the changes
of the mass (TG signal), the heating rate is automatically lowered or raised. Generally speaking, the heating
rate is reduced during a thermoanalytical event giving a significant signal change [17]. In high-resolution
technique the temperature remains almost constant during decomposition, for this reason, decomposition
events have more possibilities to be detected and differentiated [13].

TGA can also be used as an indirect method to evaluate the hydration degree of cement paste [20]. This
technique is useful to study phenomena associated with formation of hydrated phases of construction
materials [13], as well as to determine the evolution of the non-evaporable water content [Wn(t)] and the
portlandite content in cement pastes during hydration [20, 21]. Parrott et al [22] found a closely but not
completely linear correlation between direct measurements (obtained by X-ray diffraction analysis) and non-
evaporable water measurement. They determined that this correlation depended on the cement chemical
composition.

The degree of hydration is defined as the weight fraction of material reacted. The degree of hydration of a
polyphase material, such as Portland cement, requires the determination of the degree of hydration of the
individual clinker minerals, but an indirect method will determine some kind of average value for the cement
as a whole. The indirect determination of the degree of hydration may be carried out by measuring some
property of the product, for example, the amount of chemically combined water, the heat of hydration, the
compressive strength or the change in specific volume of the saturated sample, among others [22]. From TGA
results it is possible to determine the hydration degree as the ratio between the non-evaporable water amount
at time t and the water necessary to reach complete cement hydration [20, 21]

In this work the hydration degree was obtained using the model presented by Mounanga et a/ [20], which is in
agreement with the one presented by Zeng et al [21] and can be described according to the equation (1):

Wa(t)
MWy ()

(1

arga(t) =

where, W, («0): Corresponds to non-evaporable water mass (g/g of cement) to full hydration of 1 g of cement,
which is supposed as 0.2293 g, according to [20] for Portland cements.

W, (t): Represents the non-evaporable water mass (g) at time t, which is obtained from TGA results.

M_: Is the measured mass of the sample at the beginning of the test (g).

This work focuses on the use of TGA as a characterization technique to determine phases present and the
hydration degree of three different commercial cements during the first day of hydration: a white cement
(CEM 1) and two grey cements (CEM 2 and CEM 3). The mineralogical composition of the white one has
great differences comparing to the grey cement ones. Grey cements have a similar mineralogical composition,
but one of them has a coarser particle size distribution (PSD). The objective is to determine the effect of
mineralogical composition and PSD of Portland cements on the hydration degree during the first hours of
reaction.
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2. Experimental procedure

2.1 Mineralogical composition

Table 1 presents the mineralogical composition for all cements. XRD tests were performed in a PANalytical
X’Pert PRO MPD, with a 6—70° (20) range, steps of 0.013° and accumulation time of 59 s. The
quantification of the phases of anhydrous cements was realized using the Rietveld method and the FullProf
software.

Table 1 Mineralogical composition of cements obtained by Rietveld method

CEM1(%) CEM2(%)  CEM 3 (%)

CsS 59.6 64.4 63
(OGN 9.8 14 19.5
GA 54 13.2 10.2
C4AF - 3.1 4.6
Gypsum 10.1 2.4 2.1
CaCOs 15.1 2.9 0.6
Ryp/Re 2.82 2.26 2.6

The mineralogical composition shows an addition of CaCO; in CEM 1 and a low content in C3A, compared to
CEM 2 and CEM 3. It can also be noticed the similarity of CEM 2 and CEM 3. There is almost no difference
on Cs3S, but the main difference is due to the content of C,S, which is higher in CEM 3. It is important to
realize that the C>S content is not relevant for the hydration time studied in this work (24 hours), because this
phase begins to react during the second day of hydration, according to [23].

2.2 Particle size distribution (PSD)

Fig. 1 shows the particle size distribution of the cements used. PSD for each cement was obtained using a
Mastersizer 2000 of Malvern Instruments.

Fig. 1 PSD of the three cements

Table 2 presents the results for d90, d50 and d10 diameters for the three cements, which
corroborates that CEM 2 is the finest of them, while CEM 3 is the coarsest.

Table 2 d90, d50 and d10 for all cements

d9o dso d1o
CEM 1 43 um 20 um 5 pum
CEM 2 35 um 17 um 4 pm
CEM 3 51 pm 24 um 7 pm

According to Rietveld and PSD results, the main difference of CEM 2 and CEM 3 corresponds to their
particle size distribution and the content of C,S, which is 14 % for CEM 2 and 19.4 % for CEM 3.

2.3 Paste preparation
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Pastes were prepared according to ASTM C305 standard [24] using w/c ratio of 0.4 for each cement type to
guarantee complete hydration of the pastes. Pastes were cured in 25 °C water and then the hydration process
was arrested with acetone at the hydration ages of 1, 6, 12, and 24 hours. After the arresting process the
samples were put in a 60 °C oven for one hour to eliminate the excess of water.

2.4 Thermogravimetric Analysis (TGA)

A TGA 850 Mettler — Toledo equipment was used to develop the TGA tests. It has a horizontal microbalance
(0.1 pg resolution), a furnace and temperature sensors connected to a computer to record data.

The material was put into 100 pL aluminum crucibles with sealable lid. The lid has a little perforation to
create a self-generated atmosphere, the vapor pressure increases into the crucible, the decomposition
temperature rises increasing the equilibrium time between the sample and its gaseous phase. It lets the
separation of two close processes, according to Borrachero et al [14]. The heating interval was established
between 35 and 600 °C, with a heating rate of 10 °C/min and no purge gas was used during the tests. For the
high resolution tests a heating range between 35 and 300 °C using a minimum heating rate of 0.5 °C/min and
a maximum heating rate of 10 °C/min.

The non-evaporable water content obtained by TGA test was used to determine the hydration degree of the
three different cements, using equation (1).

3. Results and discussion

3.1 Effect of hydration time on DTG tests

Fig. 2 shows DTG curves for all cements at different hydration times. Fig. 2(a) presents the evolution of
CEM 1 DTG results from 1 hour till 24 hours of hydration, while Fig. 2(b) and Fig. 2 (c) present the
corresponding results for CEM 2 and CEM 3 respectively. For all cements and for all reaction times a unique
peak between 500 and 600 °C was observed. This peak is observed for CEM 1 after 1 hour of hydration. It
can be seen that when hydration time increases from 1 hour to 24 hours this peak becomes more intense,
which can be corroborated through determination of the percentage presented at each time. According to the
literature, this peak corresponds to portlandite decomposition and because it is the only one in this zone of the
thermogram then it is possible to determine the quantity of portlandite phase for each hydration time.

In all derivative curves there is another mass loss between 100 and 200 °C. Samples with hydration time of 1
and 6 hours present a peak with a shoulder and another little peak after the first one. The decomposition of
ettringite, gypsum and C-S-H takes place in this temperature range.

At the other two ages (12 and 24 hours) the little peak does not appear, but the shoulder of the first peak can
be seen. It seems that this peak is wider at these ages. The percentage of water loss in this part of the
thermogram for 12-24 hydration hours is greater than those observed at the earlier ages, indicating a
significant evolution of hydration process.

It is not possible to determine exactly how many phases are in the 100 — 200 °C zone of the thermogram and
which phase corresponds to each peak or shoulder of the peak. Because of hydration times, there should be
ettringite and possible, at earlier ages, the shoulder or little peak temperature in the range (170-200°C) could
represent the dehydration of gypsum, as reported by Borrachero et al [14]. It is also not possible to quantify
the present hydrates, but the amount of water loss can be determined.

Until this point, only portlandite quantity can be calculated for each hydration time.

The following equation is used to calculate portlandite content:
CH = —_x PM Eq. (2)
= Pmy CH q.

H: Water loss due to portlandite decomposition (in percentage)
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PMy: Water molecular weight
PM_py: Portlandite molecular weight

CH: Portlandite content (in percentage)

Fig. 2 TGA test for all cements at different hydration times. (a) CEM 1; (b) CEM 2; (¢) CEM 3. Percentage
values correspond to mass loss (%) associated to each decomposition peak and values on the right of the DTG
curves represent the total mass loss in the studied temperature range.

Fig. 3 presents the content of portlandite for all cements at 1, 6, 12 and 24 hours of hydration.

Fig. 3 Evolution of portlandite vs. hydration time for all cements

From the results presented in Fig. 3 and Fig. 2 it can be corroborated that the hydration process of cements is
according to the expecting. Portlandite and other hydrates content increases with hydration time during the
first hours of hydration.

From Fig. 3, which represents the evolution of portlandite during hydration time for all cements, it can be
seen that CEM 2 has the highest portlandite content during the first 12 hours of hydration. From Fig. 2 and
Fig. 3 it can be deduced, for each hydration time that CEM 1 has the least content of portlandite, being these
values similar to the ones obtained for CEM 3, especially for 6 and 12 hours of hydration. This can be
explained according to mineralogical composition. CEM 1 has the lowest content of C3S (59%) and does not
have any C4AF, which, according to Mounanga et al [20], also participates in the process of portlandite
formation during the first 24 hours of hydration. The portlandite content of CEM 3 is lower than for CEM 2,
except at 24 hours of hydration. At this time the portlandite content is the same for CEM 2 and CEM 3. Both
cements have a similar content of C3;S, but CEM 3 has a 5 percentage points less of this phase and also a
coarser PSD, which hampers the hydration kinetics, especially during the first hours of hydration.

To obtain water loss associated to other present hydrates, it is necessary to subtract the water content
associated to portlandite from the total water loss (in percentage) given by the equipment. In Fig. 2 these
values can be read on the right of each curve (e.g.: 4.34% for 1 hour, for CEM 1). It can be seen from Fig. 2
that CEM 1 has higher content of water associated to other hydrates for all studied ages. Since 6 hours of
hydration, these values are similar to the values of CEM 2, showing a synergic effect between fineness and
mineralogical composition to control the hydration rate. CEM 3 has the lowest amount of water from other
hydrates during the first 24 hours of hydration. At first, this result is unexpected according to the low amount
of C3A and C3S of CEM 1 compared to CEM 2 and CEM 3. But it can be explained due to an important
addition of CaCOj3 in CEM 1 that can accelerate the formation of hydrated products in cement pastes, because
it acts as heterogeneous nucleation center between clinker grains, due to its fineness, as it has been explained
by Taylor [25] and Nadelman et al [26]. The dehydration peak of gypsum around 180 °C is found for all
cements at one hour of hydration. This peak continues to appear in CEM 1 for 6 hours of hydration. This can
be explained according to the higher content of gypsum for this cement, as reported in Table 1.

3.2 High-resolution TGA tests (HRTG)

In order to improve the resolution of peaks in the 100 — 200 °C interval, high-resolution TGA tests were
carried out for the same samples in a range of 35 to 300 °C. When a mass change is detected by the
equipment, it lowers the heating rate from 10 up to 0.5 °C/min. The results of high-resolution tests are
presented in Fig. 4 for all cements and hydration times.

Fig. 4(a) presents HRTG results for CEM 1, while Fig. 4(b) and Fig. 4(c) show high-resolution TGA tests for
CEM 2 and CEM 3, respectively. For all cements it can be seen that peaks between 100 and 200 °C are well
defined. In curves for 1 and 6 hours of hydration time of all cements only one peak is obtained. In all cases
this peak is larger for 6 hours of hydration than for 1 hour, indicating an increase of the phase associated to
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that peak. It should correspond to ettringite for all cements, because C3A is the first anhydrous phase to react
in presence of water and gypsum. Although the content of gypsum is very low for CEM 2 and CEM 3, they
can produce ettringite, but its quantity should be lower than for CEM 1. This can be corroborated with values
from Fig. 2, where the amount of water total mass loss is greater for CEM 1 than for the other two cements.

For 12 hours of hydration of CEM 1, according to Fig. 4 (a), three peaks are detected. One peak appears at the
same temperature that the peak observed for 1 and 6 hours of hydration, on each side of this peak there are
both smaller peaks. The greater peak in the middle corresponds to decomposition of ettringite, while the other
two correspond to decomposition of C-S-H as reported by Tobon et al [13]. For CEM 2 (Fig. 4(b)) at 12
hours, it can be noticed the same peak obtained for 1 and 6 hours of hydration (ettringite decomposition) and
another peak on the left of the first one. The first peak is larger than at 1 and 6 hours, because of its high
content of aluminate phases (13.2 % of C3A and 3.1 % of C4AF). The other peak should correspond to C-S-H
decomposition. CEM 2 has a great amount of C3S, which starts to react during the first hours of hydration and
being the finer cement of this work, which facilitates the hydration process. For CEM 3 at 12 hours only one
peak is detected using the high-resolution module. This peak is greater at this age than at the other former
ages. The mineralogical composition of this cement is similar to CEM 2, but it is not as fine as CEM 2, which
may hamper the hydration process.

At 24 hours of hydration for CEM 1 and CEM 2 as it can be seen in Fig. 4(a) and Fig. 4(b) respectively, the
same peaks of 12 hours appear at this age. Peaks are larger at 24 hours than at 12 hours. For CEM 3 at 24
hours of hydration (Fig. 4(c)) a new little peak appears. As reported by Tobon ef a/ [13] and according to the
mineralogical composition presented in Table 1, this little peak corresponds to decomposition of C-S-H. The
C-S-H peak at the left of ettringite could have not appeared, because high resolution TGA has not detected an
enough lost rate to determine this peak, as there is few C-S-H for the cement with the coarsest particle size
distribution.

Fig. 4 High-resolution TGA curves for all cements. (a) CEM 1; (b) CEM 2; (¢) CEM 3

3.3 Hydration degree

It is possible to determine the hydration degree of a cement paste using the results obtained by TGA. Fig. 5
shows the relationship between time of hydration and hydration degree for all cements. According to the
mineralogical composition of CEMI, particularly the percentage of C3A and C;S that govern hydration
process during the first 24 hours, it was expected that the hydration degree of this cement may be lower than
for the other cements: however contrary of obtained results were observed. It can be explained because of the
quantity of CaCOs. When calcite is present as fine particles, the hydration reaction of cement is accelerated.
Using a sieving process, it was corroborated that calcite in CEM 1 has a fine size. Only a little quantity of
calcite was retained in the 325 sieve, while almost all passed through a 400 sieve, as it was determined by
Rietveld quantification. As can be seen in Fig. 5, CEM 1 has a higher hydration degree for each hydration
time studied, while CEM 3 has the lowest hydration degree for each time. At 24 hours of hydration CEM 1
has a hydration degree of 54 %, CEM 2 of 50 % and CEM 3 of 38 %. It is important to notice that during the
first day, cement paste reach a significant hydration degree, which is responsible for lot of properties of the
cement-based materials.

Fig. 5 Hydration degree for three cements

According to mineralogical composition of CEM 2 and CEM 3, it can be concluded that both cements have
similar mineralogical composition, but they have a significant difference in PSD. CEM 2 has a little more
content of C3A and C;S than CEM 3, which in contrast has more C4AF that has also an important influence on
hydration during the first day. CEM 2 is finer than CEM 3, meaning that particles in CEM 3 require a longer
time to be hydrated than particles in CEM 1 or CEM 2, as reported by Taylor [25].

Taking into account only the PSD of cements, CEM 1 should have lower degree of hydration than CEM 2,
because the former has a PSD coarser than the later. According to mineralogical composition, CEM 1 has the
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lowest value of C3A and CsS, which are the anhydrous phases governing the cement hydration during the first
hours. But CEM 1 has the highest content of CaCOs. As it was stated before, CaCOs3 acts as a site for
heterogeneous nucleation, because of its fineness, incrementing hydration rate, and therefore, hydration
degree. This is corroborated with TGA and hydration degree results.

The fineness of CEM 2 accelerates the hydration process, increasing the hydration degree for the same curing
time and the content hydrated phases especially for early ages. According to the results obtained it is clear that
hydration degree does not only depend on mineralogical composition, but also on PSD. This increases the
work results from Mounanga et a/ [20], which realized that hydration degree is affected by curing temperature
and w/c ratio for the same cement type.

Conclusions

e  Thermogravimetric analysis is a useful technique to characterize cementitious materials during the
first day of hydration.

e  High-resolution TGA technique allows separating the overlapping decomposition steps. According
to the mineralogical composition of cementitious material, it is possible to predict which phases are
decomposed in a temperature interval, where several decomposition reactions may take place.

e [t can be noticed that the hydration process is affected by the particle size distribution. When cement
is composed by coarser grain size, the hydration process takes a longer time, as was corroborated by
TGA results and hydration degree calculation, particularly during the first 12 hours of hydration.

e Addition of calcite as a fine filler has a great influence on the hydration process of Portland cements.
It increases the hydration process, since the beginning of the reaction between water and cement.

e According to high-resolution TGA results it was demonstrated that ettringite was the only
decomposed phase in the 100 — 200 °C interval during the first 6 hours of hydration for all studied
cements.

e In general, the C-S-H phase starts to appear in the hydrated cements after 12 hours of hydration.
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curves represent the total mass loss in the studied temperature range (created in Excel).
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Table

Table 1 Mineralogical composition of cements obtained by Rietveld method

CEM1 (%) CEM2(%)  CEM 3 (%)

GsS 59.6 64.4 63
C.S 9.8 14 19.5
GA 54 13.2 10.2
C4AF - 3.1 4.6
Gypsum 10.1 2.4 2.1
CaCOs 15.1 29 0.6
Rup/Re 2.82 2.26 2.6

Table 2 d90, d50 and d10 for all cements

d9o dso d1o
CEM 1 43 um 20 um 5 pm
CEM 2 35 um 17 pm 4 pum

CEM 3 51 pm 24 pm 7 pm
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