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Abstract
E———

Carbon nanotubes are a promising material to solve the low tensile strength and ductility of Portland cement-based materials. Carbon nanotubes
(CNTs) synthesized directly on cement clinker particles can also reduce production costs and help dispersion. In this scenario, this paper analyzes
the fresh state rheological behavior, as well as the initial hydration period of blast-furnace slag (Brazilian CP Il 40 RS) cement pastes produced
with CNTs grown directly on clinker. CP Il 40 RS was selected since it is one of the most used cement by the construction industry in Brazil. Ce-
ment pastes containing 0.1% and 0.3% of CNTs with respect to cement content were compared with CNT-free pastes. No chemical admixtures
were used as a dispersant in all cases. The yield stress, plastic viscosity, temperature profile and evolved accumulated heat during the initial
hydration period as well as setting times are the properties investigated. The results show that the addition of CNTs does not alter the rheological
behavior of the cement pastes considering the employed concentrations, although the yield stress values were larger. The presence of CNTs in
the cement pastes did not change the evolved accumulated heat during the first 72 hours of the hydration period.

Keywords: carbon nanotubes, blast-furnace slag cement pastes, fresh state rheological behavior, hydration heat, setting times.

Resumo
[

Nanotubos de carbono sdo elementos promissores para melhorar a pequena resisténcia a tragcao e a dutilidade de materiais a base de cimento
Portland. Nanotubos de carbono (NTC) sintetizados diretamente sobre o clinquer de cimento podem também reduzir custos de produgao e mel-
horar a disperséo destes na matriz. Neste cenario, este artigo analisa o comportamento reoldgico no estado fresco, bem como o periodo inicial de
hidratacéo de pastas produzidas com cimento Portland de alto forno (CP 111 40 RS) contendo NTC sintetizados diretamente sobre o clinquer. O CP
111 40 RS foi selecionado, pois € um dos cimentos mais utilizados pela industria da construgéo civil no Brasil. As pastas de cimento contendo 0,1%
e 0,3% das NTC em relagdo a massa de cimento foram comparadas com pastas sem nanotubos. Nenhum aditivo foi usado como dispersante
em todos os casos. A tensdo de escoamento, a viscosidade plastica, o perfil térmico e o calor acumulado durante o periodo inicial de hidratagao,
bem como os tempos de pega sdo as propriedades investigadas. Os resultados mostram que a adicdo de NTC néo altera o comportamento
reoldgico das pastas de cimento considerando as concentragdes empregadas, embora os valores da tenséo de escoamento terem sido maiores.
A presenga de NTC nas pastas de cimento ndo alterou o calor acumulado durante as primeiras 72 horas do periodo de hidratagao.

Palavras-chave: nanotubos de carbono, cimento Portland de alto-forno, pastas de cimento, comportamento reolégico, calor de hidratagao,
tempos de pega.
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Early-age behavior of blast-furnace slag cement pastes produced with carbon nanotubes grown directly

on clinker

1. Introduction

EE

Portland cement composites are the largest consumed con-
struction materials worldwide. Among the reasons for this
fact are the availability of raw materials and excellent com-
pressive behavior. On the other hand, tensile characteristics
of cementitious materials are poor due to their low tensile
strength and brittle behavior. Recent investigations showed
that the poor tensile behavior of cement-based materials
is partly due to macroscopic defects (pores) and partly to
the innate properties of calcium silicate hydrate (C-S-H), the
main constituent of hardened cement paste.

Carbon nanomaterials, such as carbon nanotubes (CNTSs)
and graphene, have recently attracted tremendous scien-
tific interest due to the remarkable and useful properties,
such as exceptional tensile strength, elastic modulus, and
electrical and thermal conductivity [1, 2]. These materials
are promising candidates for next-generation high-perfor-
mance structural and multi-functional cement composites
[3,4,5,6,7].

Carbon nanotubes (CNTs) are graphene sheets rolled up
to form cylinders or tubes. A single-walled CNT looks like a
single sheet rolled up into a tube, while multi-walled CNTs
look like multiple sheets rolled into a series of tubes, one
inside the other. A single-walled CNT is typically 1-3 nm in
diameter and a micrometer or more long. Multi-walled CNTs
typically range in diameter from 10 to 40 nm but have the
same length as the single-walled variety [8, 9]. According to
Santra et al. [10], CNTs behave as one-dimensional materi-
als. In addition, they present tensile strength and Young'’s
modulus values ten times greater than steel and a density
five times smaller [8, 9]. Consequently, CNTs have very high

Figure 1
Transmission electron microscopy image of CNT
grown directly on the cement clinker

aspect ratios (length/diameter ratio) and can be distributed
widely and densely at the microscopic scale yet covering
longer lengths. These characteristics can be used in ce-
ment composites to bridge cracks and restrict them from
increasing which can essentially create a new generation of
crack-free cement materials [8, 9].

Many procedures have been used to promote an adequate
dispersion of CNTs in cement-based composites [8, 9, 11].
However, these routes are not always compatible with the
common processes used by the construction industry. In
this context, a way that has proven viable is the CNTs syn-
thesis in situ, directly on the clinker particle. This process,
patented by Ladeira et al. [12], promotes a natural disper-
sion of CNTs making their application in the context of the
construction industry more adequate. Investigations, that
use this technology, show significative results in terms of
gains in compressive and tensile strength [13, 14, 15].

In continuation of previous studies [13, 14, 15], the goal of
this work is to present the results of the fresh state rheo-
logical behavior as well as of the initial hydration period of
blast furnace slag (Brazilian CP Il 40 RS) Portland cement
pastes produced with carbon nanotubes grown directly
on clinker. The yield stress, plastic viscosity, temperature
profile and evolved accumulated heat during the initial hy-
dration period as well as setting times are the properties
investigated. Cement pastes containing 0.1% and 0.3% of
CNTs with respect to cement content were compared with
CNT-free pastes. No chemical admixtures were used as a
dispersant in all cases. CP Ill 40 RS cement was selected
since it is one of the most used cement by the construction
industry in Brazil.

2. Experimental methodology
B

2.1 Materials

According to Santra et al. [10], the effective reinforcement of
cement with CNTs requires the consideration of the follow-
ing factors: (1) the kind of CNT used and the aspect ratio;
(2) the chemical functionality of the outer CNT wall; (3) the
technique of dispersion in the cement matrix and (4) the
workability of the fresh cement composite paste.

In this study, multi-walled carbon nanotubes (CNTs) were
grown directly on cement clinker in a continuous process
(Ladeira et al. [12]) at the Technological Center for Nano-
materials and Graphene (CTNano) of the Federal Univer-
sity of Minas Gerais, Belo Horizonte, Brazil. Ground iron
oxide, a residue from mining exploration, was employed as
a catalyst and a hydrocarbon gas as a carbon precursor
in the chemical vapor deposition (CVD) process. This way,
the produced CNTs have a natural functionality due to the
defects they present in their shapes and outer walls, which,
in turn, leads to no need for chemical functionalization.
Figure 1 is a transmission electron microscopy (TEM) im-
age, which illustrates this natural functionality: CNT outer
walls have defects, which can provide a chemical and
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Figure 2
Scanning electron microscopy images of CNTs grown directly on the cement clinker

mechanical bond between the CNTs and the cement hydra-
tion products. The figure also shows that the CNTs are not
perfectly straight. Thus, it is undoubtedly a much simpler,
cheaper and lesser time-consuming way to produce func-
tionalized CNTs to be used in cement composites. It also
allows for large-scale production, which can be employed
during cement manufacturing.

The maximum CNT length was in the order of tens of mi-
crons. The mean diameter of CNTs was between 15 and 40
nm. Thus, the average CNT aspect ratio was approximately
1000. Figure 2 shows scanning electron microscopy (SEM)
images of the CNTs grown directly onto the cement clinker.
From the figure, one can see that CNTs are well distributed
in the clinker particles and are polydisperse in terms of length
and diameter. The nanostructured clinker contained approxi-
mately 10.5 % of carbon nanotubes by weight, as determined
by thermogravimetric analysis, as shown in Figure 3.
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Figure 3

Thermo-gravimetrical analysis of the
nanostructured clinker

Table 1 shows the physical and chemical characteristics of
the Brazilian CP 1l 40 RS (blast-furnace slag) Portland ce-
ment used in these studies. These results were obtained
from tests performed at InterCement Cement Plant in Pedro
Leopoldo, Brazil.

2.2 Preparation of the cement pastes

The cement pastes were prepared at the CTNano labo-
ratories in Belo Horizonte. The ambient temperature and
relative humidity were monitored around 24 + 2° C and
30%-50% respectively.

Table 1
Physical and chemical characteristics of Brazilian
CP 11 40 RS Portland cement

) stqndard
chcﬁgﬁfrci:lﬁcs Sample re?Burz(iinli]c?: N
NBR-5735)
Re3|d7u5eu|rr:q3|eve 0.467 % <80%
Blaine finesse 4642 cm?/g —
. stqndard
eharacteristics Sample " Braian
NBR-5735)
Fire loss 3.47 % <45%
Insoluble residue 1.40 % —
SO, 2.38 % <4.0%
MgO 3.43% —
Sio, 24.09 % —
ALO, 6.36 % —
Fe,O, 3.30% —
CaO 54.81 % —
Na,O 0.14 % —
K,O 0.67 % —
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Table 2

Cement paste denomination and corresponding mix proportion used for a 0.6 - liter volume

Cement paste Cement* Water Nanostructured clinker Carbon nanotubes
denomination (@ (@ (@ (@
Reference 837 335 — —
CNTO1 831.4 335 5.6 0.84
CNTO3 820.2 335 16.8 2.52

* Brazilian CP Il 40 RS (blast-furnace slag) cement

The CNT cementitious material containing the anhydrous
cement and the nanostructured clinker was first mixed to-
gether in a Y-type mixer. The mixing time was 20 minutes.
This procedure was used to disperse and homogenize the
nanostructured clinker into the pure cement.

The volume of each cement paste batch was always equal
to 0.6 liters. For the production of this volume, the amount of
cement used in each composition was always equal to 837
grams and the water/cement ratio equal to 0.4. The CNTs syn-
thesized directly on cement clinker ratio corresponded to 0.1%
and 0.3% of the binder weight (bwoc). This amount of CNTs
was based on results obtained by Souza [16]. No chemical
admixtures were used as a dispersant in all cases. Three dif-
ferent pastes were prepared and tested. Table 2 shows the
mix proportion of each paste as well as its corresponding de-
nomination, which will be referred to throughout this paper.

A Chandler Engineering ™ mixer was employed to pre-
pare the cement pastes. The dry cementitious material was
added to the water evenly through the central opening of
the lid of the mixer up to 15 seconds. In this time interval,
the mix rotation was 5000 rpm + 200 rpm. After that, the lid
was completely closed and the stirring process continued
for another 15 seconds at the same rotation. Then the paste
was manually agitated with a stick for approximately 15 sec-
onds. Finally, the paste was stirred for another 30 seconds
at a rotation of 5000 rpm + 200 rpm.

2.3 Rheological behavior tests

The rheological behavior tests were conducted using a

Figure 4
Details of the semi-adiabatic chambers made
of expanded polystyrene blocks

rheometer RHEOTEST (Medingen GmbH) totally controlled
by software that monitors and analyzes the obtained data.
Right after the cement pastes were mixed, they were placed
inside a cup, which was inserted into the rheometer to start
the rheological behavior tests. The shear rate was applied
from 0.6 s to 100 s for 120 seconds and then back from
100 s to 0.6 s for another 120 seconds (Soares, [17]).
The downslope curve data was employed in the calculation
of the rheological parameters. Four specimens were used
for each cement paste composition. The apparent viscosity,
shear stress and shear rate of each cement paste with and
without CNTs were measured by the rheometer. The yield
stress (t,) and plastic viscosity (m ) were then calculated
using the Bingham and Modified Bingham models.
Bingham is the most widely used model to evaluate the yield
stress and plastic viscosity of cement pastes (Papo, [18]).
It corresponds to a mathematical equation, which is linear
(Equation [1]) and is a function of the yield shear stress t;
and the plastic viscosity m . In general, the Bingham model
does not fit well the nonlinear portion of the flow curve at
low shear rates. In order to overcome this fact, the modified
Bingham model is used, which corresponds to a second-
order polynomial (Equation [2]) where ¢ is a fitting regres-
sion constant. In both of these models, Tis the shear stress
while Y is the shear rate.

T=T)+ qu

M
@

T=1+ qu+cY2

2.4 Heat of hydration

According to ASTM C1753 [19], non-conventional differen-
tial thermal analysis (NCDTA) can be employed to evalu-
ate the heat of hydration of hydraulic cementitious mixtures,
through the measurement of the temperature difference be-
tween a sample and an inert reference, when both are sub-
mitted to the same environmental conditions. In this case,
the system operates semi-adiabatically and the tempera-
ture difference is measured due to the exothermal effects
promoted by the spontaneous cement hydration reactions.
ASTM C1753 still prescribes that the inert material temper-
ature throughout the test period is of paramount importance
since this tends to account for the effects of the change of
the ambient temperature during the measurement period,
as well as possible interference from a sample to the other.
This way it specifies that the inert reference has a maximum
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Table 3
Specific heat capacity of each component of the
cement paste

Specific heat capacity
(Tin °C)
C.=0.0045.T + 0.4807
C,. =0.0035.T + 0.5509
C,=4.18J/(9.°C)

Component

Brazilian type Il 40 RS cement
Nanostructured clinker
Water

variation of 3° C throughout the test period. This method
was used in this investigation.

The semi-adiabatic chambers consisted of two blocks made
of expanded polystyrene. Each block had dimensions of
93.5 cm (length) x 42.5 cm (width) x 36 cm (height). In each
block, three cylindrical holes were drilled where the alu-
minum cans surrounded by Styrofoam cups were placed.
Each cup had an expanded polystyrene lid with a small
hole from which the leads from the thermocouples passed
through as shown in Figure 4 (Benedetti [20]).

Right after the cement pastes were mixed, they were
placed inside the aluminum cans, capped and then in-
serted into the expanded polystyrene blocks. Each can
contain 0.2 liters of each cement paste batch. In a cer-
tain can was placed an inert reference material, which in
this case consisted of sand and water in the same amount
of cement and water used in the pastes. A thermocouple
was placed inside the fresh cement paste or the reference
material. This way it measured the reference material or
the cement paste temperature. Ten specimens were used
for each cement paste composition. The temperature data
acquisition was done by a controller device connected to a
computer. The data was collected during the first 72 hours
of hydration, every 30 seconds.

The specific heat capacity, in the range from 10 to 80°C,
of the raw materials used in the cement pastes, was deter-
mined by differential scanning calorimetry (DSC) analysis.
These values are presented in Table 3 for each compo-
nent. For each cement paste composition, the cumulative
evolved heat, in arbitrary units, was calculated according to
the equations presented in Table 4.

The consistency change of the cement pastes with respect to
time was evaluated employing the Vicat analysis, performed
according to Brazilian Standard Method NBR NM 65 [21].

Table 4

Downslope Flow Curve

140

B0

ol
— Reference
—CNTI
—CNT03

40

Shear Stress T (MPa)

L] 20 40 [ s 100 120
Shear Rate y (s!)

Figure 5
Shear stress versus shear rate relationships
for the investigated cement pastes

The procedure measures the Vicat needle penetration in the
pastes as their setting processes occur. The only difference
in this case with respect to NBR NM 65 specifications was
the water/cement ratio: 0.4 was used since this was the value
adopted in the NCDTA evaluation. This way the initial and
final setting times could be correlated with the evolved accu-
mulated heat during the hydration period. Three specimens
for each cement paste composition were used.

3. Results and discussion

EE

Figure 5 presents the most representative downslope flow
curve for each of the three cement paste compositions (Ref-
erence, CNTO1, and CNTO03). The flow curves are almost
equal for both the Reference and CNT01 cement pastes.
For the CNTO3 composition, there is a difference with re-
spect to the other two: for the same shear rate, the corre-
sponding yield stress is larger.

The calculated values of mean yield stress and plastic vis-
cosity using the Bingham and Modified Bingham models are
shown in Table 5 and Figure 6. The comparison between
both mathematical models shows that for all pastes the modi-
fied Bingham, which fits better the nonlinear portion of the
flow curve at low shear rates, has smaller values for the yield
stress and larger values for the plastic viscosity. The addi-
tion of CNT leads to larger yield stress values with respect

Cumulative evolved heat for each cement paste composition used for a 0.2 - liter volume

Cement paste denomination

Cumulative evolved heat (arbitrary units-a.u.)

Reference
CNTO1
CNT03

[279 - (0.0045 - T + 0.4807) + 112 +4.18)] ~ AT*
[277.1 - (0.0045 + T + 0.4807) + 1.9 - (0.0035 + T + 0.5509) + 112 - 4.18] + AT*
[273.4 - (0.0045 - T + 0.4807) + 5.6 +(0.0035 + T + 0.5509) + 112 - 4.18] + AT*

*AT = (Tsample = Tinert materiar) (iN °C)

Table 5

Rheological parameters for the three cement compositions

Bingham model

Modified Bingham model

Cement paste

denomination Yield stress Plastic viscosity Regression r? Yield stress Plastic viscosity Regression r?
(Pa) (Pa.s) value (Pa) (Pa.s) value
Reference 18.2+1.24 0.99 + 0.06 0.988 10.2 +0.92 1.39 £+ 0.02 0.999
CNTO1 20.8 +1.12 0.98 + 0.07 0.984 11.4 £0.58 1.46 £ 0.03 0.999
CNTO03 21.3 £1.81 1.01 +0.05 0.988 124 +1.12 1.47 +0.03 0.999
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Reference paste CNTO1 paste
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Figure 6

Bingham and modified Bingham model for the investigated cement pastes

to the reference pastes in both models. On the other hand,
no change was observed in the plastic viscosity of all pastes.
This way, comparative analysis of these results shows the
equivalence of these rheological parameters. The modified
Bingham model represents much better the observed behav-
ior as shown in Figure 6 for all pastes.

It has been reported in the literature that like any most nano-
materials, the workability of cement paste is often reduced

with the addition of CNTs due to their large surface area
(Kowald and Trettin [22]). The results obtained in this study
show otherwise: with CNTs directly grown on clinker, no sig-
nificant changes were found in the rheological behavior of
the cement pastes.

Figure 7 shows the thermal profile versus time relationships
for the most representative specimen of each cement paste
composition. The analysis of the thermal profiles indicates

36
32
— Reference
&) 28 — CNTO1
-]
"g 24 1 \ —— CNTO3
[-,' 20
Z
H 16
% /
I 12
=
<
8
N
4
0 e e
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50 52 54 56 58 60 62 64 66 68 70 72
Time (hours)
Figure 7

Representative thermal profiles of the cement pastes
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Evolved accumulated heat (a. u.) of the cement pastes

that they are very similar and that the main peak of cement
paste with carbon nanotubes (CNTO1 and CNTO03) occurs
practically at the same time in comparison with the refer-
ence without CNTs. Therefore, the effect of the presence of
CNTs on the thermal profiles of cement pastes made with
cement CPIII-40 RS was not significant.

The evolved heat versus time relationships for the most rep-
resentative of each type of cement paste investigated are pre-
sented in Figure 8. Table 6 shows the average accumulated
heat values with the respective standard deviation values of
the three different cement pastes up to 24 and 72 hours. The
analysis of these results indicates that the addition of 0.1% and
of 0.3 % of CNT on the accumulated heat of pastes produced
with CPIIl- 40 RS was not significant up to 72 hours. The dif-
ferences between the values are within 10% of each other.

Table 6
Evolved accumulated heat, in arbitrary units,
for each cement paste composition

Evolved heat up Evolved heat up

Cement paste

denomination to %2.23“5 to zg.tf))urs
Reference 823+ 14 969 + 30
CNTO1 845+ 18 984 + 19
CNTO03 864 + 24 1049 + 34

In addition to Vicat analysis, a procedure, developed by HU
et. al [23], was employed to evaluate the initial and the final
setting times. The methodology is based on the first deriva-
tive of the temperature profile along the time. According to

— REFERENCE
— CNTO1

_2- -

360 375 390 405 420 435 450 465 480 495 510 525 540 555 570 585 600

d(Tsample = Tlﬂer)f’dt (.th)

Figure 9

Time (h)

First derivative of the temperature profile versus time relationships for each type of cement paste investigated
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Table 7

Vicat analysis: average initial and final setting times and corresponding evolved accumulated heat for

each cement paste composition

Average initial

Average final

- . Corresponded : . Corresponded
Gorominen vewGhane,  coumualedheat (EINGUIS, cccumuied nect
(min) o (min) e
Reference 336 £ 1 65+4 3705 83 +4
CNTO1 305 £2 68 +4 3325 915
CNTO3 297 +3 75+ 4 345+ 8 96 +5
Table 8

First derivative procedure: average initial and final sefting times and corresponding evolved
accumulated heat for each cement paste composition

Average initial

Average final

- . Corresponded ; . Corresponded
§Z$?Tn%?.§§ First dzerit\tgt?vtemc:?\alysis °‘°°“"E‘é'°Je)d heat  piot dseerng‘?vgr:ialysis °'°°””E:'°‘Je)d heat
(min) e (min) .u.
Reference 458 + 3 174 + 4 565 +5 306+ 8
CNTO1 469 £ 4 180+ 6 568 +5 303+5
CNTO03 456 + 2 170+ 7 562 +8 308 +4

HU et. al [23], the initial setting time is defined as the time
when the first derivative reaches its highest value. At this
point, the increase in the rate of heat generation is the fast-
est. After this initial setting time, the first derivative values
start to decrease. The time when the first derivative drops
to zero is defined as the calorimetry of the final setting time.
This point corresponds to the time when the highest rate of
hydration is achieved; after this point, the rate of hydration
will be reduced. The most representative of the first deriva-
tive of the temperature profile versus time relationships for
each type of cement paste investigated are presented in
Figure 9. Closer detail of the initial and final setting times is
also shown in the figure.

The average initial and final setting times, as well as, their
corresponding evolved accumulated heat for each type of
investigated cement paste are presented in Tables 7 and
8. Table 7 corresponds to the values determined accord-
ing to the Vicat analysis, while in Table 8 the values were
calculated from the first derivative of the temperature profile
along the time.

The Vicat analysis, determined according to NBR NM 65
[21], indicates that the addition of CNTs in both contents
reduced significantly the initial and final setting times of
the cement pastes with respect to the reference. The initial
and final setting times were reduced by 10% approximate-
ly for cement pastes containing CNTs with respect to the
CNT-free paste. This difference in the setting times does
not correlate well with the corresponding evolved accumu-
lated heat: in the first 10 hours of the hydration period, the
evolved accumulated heat is about the same for all cement
pastes regardless of the presence or not of CNTs.

The analysis according to the first derivative of the temper-
ature profile versus time shows otherwise. The initial and
final setting times, as well as, their corresponding evolved

accumulated heat are basically the same for all cement
pastes. This indicates a good correlation between these pa-
rameters as should be expected. These results also reveal
that the presence of CNTs made no difference in the first 72
hours of the cement hydration process.

The values of the initial and final setting times obtained with
the Vicat analysis and the first derivative of the temperature
profile along the time are significantly different. The values
with the Vicat method are much smaller. This finding was
also obtained by HU et. al [23]. This fact, as explained by
Hu, is due to the very different mechanisms and test setups
in determining setting times. Vicat method is a physical pro-
cedure while the first derivative methodology is related to
thermodynamics of the hydration process.

4. Conclusions
EE
The goal of this work was to present the results of the early-
age behavior of blast furnace slag (Brazilian CP 11l 40 RS)
Portland cement pastes produced with carbon nanotubes
grown directly on clinker. This way, the produced CNTs
have a natural functionality due to the defects they present
in their shapes and outer walls. Thus, it is undoubtedly a
much simpler, cheaper and lesser time-consuming way to
produce functionalized CNTs to be used in cement com-
posites. It also allows for large-scale production, which can
be employed during cement manufacturing. CP 1l 40 RS
cement was selected since it is one of the most used ce-
ment by the construction industry in Brazil. The yield stress,
plastic viscosity, evolved accumulated heat, and the initial
and final setting times of the cement pastes were the inves-
tigated characteristics. The main conclusions are:
1. The results show that the addition of CNTs in both con-
tents (0.1 and 0.3% bwoc) does not alter the rheological
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2.

5.

behavior, although the yield stress values were larger.
It has been reported in the literature that like any most
nanomaterials, the workability of cement paste is often
reduced with the addition of CNTs due to their large
surface area. The results herein show otherwise, which
indicates that with the procedure used in this investiga-
tion to include CNTs in cement pastes and the employed
CNT/cement ratios no significant changes were found in
the rheological behavior of the cement slurries.

All cement pastes presented a nonlinear behavior of
the downslope flow curve at low shear rates. Due to this
fact, the modified Bingham model represents much bet-
ter this observed behavior.

. The Vicat analysis indicates that the addition of CNTs in

both contents reduced significantly the initial and final
setting times of the cement pastes with respect to the
reference. On the other hand, the results according to
the first derivative of the temperature profile versus time
show that the initial and final setting times, as well as,
their corresponding evolved accumulated heat are basi-
cally the same for all cement pastes regardless of the
presence or not of CNTs. This fact is due to the very dif-
ferent mechanisms and test setups in determining set-
ting times. Vicat method is a physical procedure while
the first derivative methodology is related to thermody-
namics of the hydration process.
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