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Abstract Extrusion-based additive manufacturing
imposes high requirements on the material stability
right after the extrusion. Therefore, a thorough under-
standing of the chemical reactions that determine the
early reduction in processability is necessary. Accel-
erators are especially considered here, which have a
major influence on the early reaction. This study
contributes to these issues by analyzing the influence
of 0.1 wt% TEA (triethanolamine) and 2.0 wt%
Ca(NOj3), on the hydration of two CEM I 52.5 R.
The hydration was analyzed by isothermal heat flow
calorimetry and in-situ X-ray diffraction. Vicat needle
penetration, a penetrometer of own design, and
ultrasonic P-wave velocity development were used
to monitor the early change in workability. The
obtained results indicate that ettringite formation is
the main factor influencing workability during the first
60 min of hydration. Afterwards, the influence of
ettringite is exceeded by the formation of C-S-H.
Ca(NO3), was shown to enhance C-S-H formation
and had no significant effect on the workability during
the first 60 min of hydration while rapidly decreasing
workability during the induction period. TEA was
shown to increase brownmillerite dissolution and
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ettringite formation and, consequently, promote the
workability loss during the initial hydration period.
The time of initial and final setting determined by the
Vicat needle test depended mainly on the formation of
C-S-H phases.
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1 Introduction

Digital fabrication describes the combination of
computer-aided design (CAD) and automated additive
as well as subtractive manufacturing technologies. As
the additive manufacturing of large-scale components
using concrete or mortar extrusion has several advan-
tages over conventional concreting, it has been gaining
increasing attention in research and industry [1, 2].
The most important advantages of this newly devel-
oped technology are the high freedom of design
achievable as well as the time and cost savings from
the elimination of formwork in this process [3].
Without formwork, however, the requirements
imposed on the material are significantly higher, as
all the requirements usually fulfilled by the formwork
must now be fulfilled by the material itself [3, 4]. Lim
et al. [5] define the main characteristics of
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printable mortars. Among other material characteris-
tics, they describe the “printability” as the ease and
reliability of material deposition and the “buildabil-
ity” as the resistance of deposited wet material to
deformation under load. Perrot et al. [6] conclude that
the printability and the buildability of material are
competing factors that need to be optimized in order to
achieve additively manufactured large-scale compo-
nents. However, this optimization requires a thorough
understanding of early cement hydration and the
chemical reactions controlling workability reduction.
Cement accelerators, introduced into the material just
before extrusion, might be a reliable option for
materials to combine high printability with a high
buildability in additive manufacturing.

Conventionally the effect of accelerators on the
workability of cement pastes is expressed as the
reduction of setting time determined by the Vicat
needle penetration test depending on the accelerator
concentration. The fact that an accelerated cement
paste might significantly change its workability before
the initial setting time is widely ignored. However, to
produce mortars with an optimized printability and
buildability, a thorough understanding of the early
workability change of accelerated cementitious mate-
rials is required.

The present study analyzes the continuous change
in the workability of two CEM I 52.5 R accelerated
with 2.0 wt% Ca(NOj), and 0.1 wt% TEA (tri-
ethanolamine) respectively, using a penetrometer of
our own design and by measuring the development of
ultrasonic P-wave velocity (vp). The initial and final
setting times, according to EN 196-3 [7], were also
recorded. In order to get an understanding of the
hydration processes leading to the observed change in
workability in the analyzed samples, isothermal
calorimetry and in-situ X-ray diffraction (XRD) were
applied. A correlation between the hydration product
formation and the workability reduction was drawn to
identify the processes most relevant to the workability
reduction at different times during the early hydration
of accelerated cement pastes.

2 Theoretical framework
There is a general agreement in the literature that the

early hydration and thus the early change in worka-
bility of hydrating cement pastes is mainly due to two

chemical reactions. These are the reaction of trical-
cium aluminate, calcium sulfate, and water to pre-
dominate ettringite and the reaction of alite and water
to C—S—H and portlandite [8, 9].

In-situ XRD in combination with isothermal heat
flow calorimetry can be effectively used to understand
the dissolution and crystallization processes within
hydrating cement pastes [10—15]. Results presented by
Jansen et al. [12] reveal that the initial heat flow
measured in calorimetry originates from the partial
dissolution of tricalcium aluminate, the complete
dissolution of sulfate-containing clinker phases, and
the initial formation of ettringite. Evidence that this
initial ettringite formation is the main influence
causing an early reduction in workability has been
presented by Jakob et al. [14, 15], who used in-situ
XRD and isothermal heat flow calorimetry in combi-
nation with rheological measurements.

The initial hydration is followed by the induction
period, a period of low chemical activity during which
slow C-S-H nucleation [16-19] and slow ettringite
precipitation [11, 20] occur. The acceleration period,
which usually sets in between 2 and 3 h of hydration
for an unaccelerated cement, is dominated by the fast
dissolution of alite as well as the precipitation of C—S—
H and portlandite [9, 12]. It is well known that the
interparticle coalescence of C—S—H phases is mainly
responsible for the setting of and increase in the
compressive strength of cementitious materials
[21, 22]. However, the time at which the impact of
the interparticle coalescence of C—S—H phases over-
rides the early effects of ettringite precipitation on the
workability of a cement paste is still under debate
[15, 23].

Accelerating admixtures significantly influence the
described reactions of cement hydration and might
thus alter the early ettringite precipitation, the C—S—H
formation, and consequently the way in which ettrin-
gite and C-S-H influence the workability of a
hydrating cementitious material.

Justness & Nygaard [24] describe two mechanisms
by which Ca(NO3),, a frequently used component of
commercial accelerators and antifreeze admixtures
[25], affects the cement hydration, including a faster
supersaturation of pore solution in Ca(OH), and
subsequent crystallization of portlandite and, due to
the high calcium concentration, a depression of
sulphate solubility. The efficiency of Ca(NOs), as a
setting accelerator was proposed to depend on the
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clinker composition, as some authors found it to
increase with the belite content [24, 26].

TEA, conventionally used as a grinding aid for
cement clinker as well as an accelerator to compensate
for the retarding effect of some superplasticizers [25],
might also be used as a setting accelerator in additive
manufacturing [27]. The effect of TEA on the
hydration of ordinary Portland cement-based materials
has been discussed by [27-34]. While the precise
mechanism is still under debate, there is a general
agreement that TEA accelerates the hydration of the
aluminate-containing phases tricalcium aluminate
(C3A) and brownmillerite (C4AF) and consequently
reduces the initial setting time while delaying the
hydration of alite [27, 29, 33, 34].

As discussed above, there is a general understand-
ing of the workability loss of Portland cement-based
materials and the mechanisms by which Ca(NOs3), and
TEA accelerate cement hydration. However, more
research is required, regarding the time-dependent
contribution of the accelerated silicate and aluminate
phase reactions on the workability loss of hydrating
cement pastes, to develop cement-based materials
applied in challenging applications, as 3D printing.

3 Experimental setup
3.1 Materials

Two CEM I 52.5R [35], produced by different
manufacturers and referred to as CEM A and CEM
B, have been used in this study. Their chemical
composition, determined by XRF, is given in Table 1.
The phase content was quantified by XRD combined
with Rietveld refinement (Table 2). The specific
surface areas of the two cements were determined by
the Blaine method, and the particle size distributions
of the cements were measured using a Malvern
Panalytical Mastersizer 2000 and are presented in
Fig. 1. CEM A and CEM B have comparable chemical
and phase compositions. However, CEM A contains
besides bassanite and anhydrite also gypsum as a
sulfate carrier, which was not the case for CEM B. The
specific surface areas of CEM A and CEM B were
4700 + 100 cm?*/g and 4900 + 100 cm?*/g, respec-
tively. The particle size distribution is slightly broader
for CEM B as compared to CEM A.

3.2 Mix proportions, methods, and procedure

Table 3 shows the mix proportions of the analyzed
cement pastes. Samples for the Vicat needle penetra-
tion, ultrasonic P-wave velocity measurement, and the
MIL-device penetration were prepared according to
EN 196-3 [7]. For the calorimetric and in-situ XRD
measurements, where smaller amounts of cement
paste were needed, the ratios of the mix proportions
were kept constant. For these smaller samples, mixing
was performed using a vortex mixer at the highest
level for 2 min. In each case, the accelerators were
added to the cement together with the mixing water in
which they were dissolved at least 24 h before the
experiment. Ca(NOs3), was added at a dosage 2 wt%
and TEA at a dosage of 0.1 wt% by weight of cement.
For all experiments, deionized water was used. All
experiments were conducted with the water-to-cement
ratio (w/c) at which the respective cement reached
standard stiffness according to EN 196-3 [7].

3.3 Laser diffraction analysis

Before the measurement was started, ultrasound was
applied to the cement-isopropanol suspensions for
2 min to disperse possible agglomerates. The results
presented in Fig. 1 are the average of three
measurements.

3.4 Vicat needle penetration

The setting time of all samples was determined
according to EN 196-3 [7] using the automatic Vicat
needle device ToniSET Compact. The standard stiff-
ness of CEM A was achieved at a w/c of 0.328 and that
of CEM B at a w/c ratio of 0.330. The results presented
in Fig. 2 are the average of three measurements.

3.5 Ultrasonic P-wave velocity (v,) measurement

The measurement of the ultrasonic P-wave velocity
was performed using an Ultratest IPS. The device
measures the velocity of ultrasonic P-waves transmit-
ting through 40 mm of cement paste. A measurement
of vp was performed every 60 s for the first 6 h of
cement hydration. All tests were performed in an air-
conditioned laboratory at 21 °C. The results presented
in Fig. 5 are the average of three measurements.
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Table 1 Oxide composition of CEM A & CEM B determined by XRF in wt%

Alzoa; CaO F€203 Kzo MgO MnO Na20 P205 5102 SO'; T102 LOI Sum
A 4.99 63.63 3.21 1.14 1.75 0.06 0.24 0.08 19.44 3.065 0.23 2.69 100.52
B 4.37 63.32 2.81 1.02 2.26 0.04 0.38 0.32 19.57 2.98 0.23 2.76 100.06

Table 2 Mineral composition of CEM A and CEM B deter-
mined by Rietveld refinement of XRD data

Phase ICSD code CEM A CEM B
Alite 81100 61 58
Belite 81096 13 15
C3A (cubic) 1841 3 2
C3A (orthorhombic) 100220 2 2
Brownmillerite 9197 12 11
Gypsum 27221 0.9 0
Bassanite 79529 2 2
Anhydrite 159702 5 4
Calcite 80869 2 4
Lime 52783 0 0.2
Aphthitalite 26018 0.5 0.6
Arcanite 79777 0.5 0.4
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Fig. 1 Particle size distributions of CEM A and CEM B
determined by laser diffraction analysis. The small increase
at > 100 pum measured for CEM A presumably originates from
air bubbles within the dispersant isopropanol

3.6 Multi-purpose incremental loading device
penetration test

The resistance of the cement pastes to the penetration
by a 15 mm sphere was measured using a penetrom-
eter of our own design called the Multi-purpose
Incremental Loading Device (MILD), which is
described in detail by Pott et al. [13]. The sphere
was inserted into the sample at a speed of 1.2 pm/s,
and the required force was continuously measured.
Before the measurement with the MIL-device, the
sample was placed in a round plastic container with a
diameter of 6 cm and a height of 8 cm. The measure-
ment was started, with the sphere submerged in the
cement paste, 5 min after the initial mixing. The MIL-
device can measure a maximum force of 100 N. The
presented results are the average of three
measurements.

3.7 Isothermal heat flow calorimetry

The heat flow of each sample was measured using the
isothermal heat flow calorimeter MC-Cal 100P (C3
Prozess- und Analysentechnik, Germany) at a tem-
perature of 20 °C. The results were used to calculate
the cumulative heat of hydration. For each sample of
CEM A, 22.07 g of cement and 7.24 g of water were
used, and for each sample of CEM B, 21.98 g of
cement and 7.26 g of water were used. After mixing,
the samples were immediately put into the device. The
heat flow was recorded every 60 s for 12 h. The
presented results are normalized per g of cement and
are the average of three measurements.

3.8 In-situ X-ray diffraction (XRD)

The in-situ XRD measurements were performed on a
PANalytical Empyrean in Bragg—Brentano geometry
using Cuk, radiation. For the measurement, approx.
5 g of cement paste was placed in a temperature-
controlled sample stage set to 20 °C and covered with
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Table 3 Mix proportions

Sample Water (g) Cement (g) Ca(NOs), (g) TEA (g)
for samples examined

CEM A 164 500

CEM A_CN 164 500 10

CEM A_TEA 164 500 0.5

CEM B 165 500

CEM B_CN 165 500 10

CEM B_TEA 165 500 0.5
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Fig. 2 Smoothed results of the Vicat needle penetration,

according to EN 196-3 [7]. Measured results in the background:
a results of CEM A, b results of CEM B

a 7.5 pm thick Kapton® film to protect the sample
against the evaporation of water and atmospheric CO,.
For evaluation, reflex intensities after background
subtraction were used.

4 Results
4.1 Vicat needle penetration

Figure 2 presents the results of the Vicat needle
penetration. In accordance with EN 196-3 [7], the
time of initial setting was defined as the time at which
the penetration depth of the needle was 34 mm, and
the time of final setting was defined as the time at
which the penetration depth of the needle was 0.5 mm.
Table 4 indicates the times of initial and final setting
for all tested samples.

4.2 Multi-purpose incremental loading device

The results of the penetrometer experiments con-
ducted on the MIL-device are shown in Fig. 3. When
the results of the two unaccelerated samples CEM A
and CEM B are compared, it is obvious that the force
required to drive the ball deeper into the sample
increases at a relatively low rate at the beginning of the
measurement. After a certain time, this force starts to
increase significantly faster. A comparable develop-
ment of the force can be observed for the samples
CEM A_CN, CEM B_CN, and CEM B_TEA. Differ-
ent behavior is shown by the sample CEM A_TEA.
Here, the required force increases sharply right from
the beginning of the measurement, but the rate at
which the force increases changes only moderately
during the measurement. The transition of the initial
rate of penetration resistance to the increased rate of
penetration resistance of the samples CEM A and
CEM A_TEA occurs at approximately 70 min of
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Table 4 Initial and final setting according to EN 196-3

Sample Initial setting (min) Final setting (min)
CEM A 160 245
CEM A_CN 124 200
CEM A_TEA 213 312
CEM B 142 245
CEM B_CN 150 221
CEM B_TEA 213 375

hydration. For sample CEM A_CN, this transition
occurs at 40 min of hydration.

4.3 Isothermal heat flow calorimetry

In Fig. 4, the development of the heat flow as well as
the cumulative heat of hydration, measured over the
first 6 h of hydration by isothermal heat flow
calorimetry, is shown for all tested cement pastes.
All samples show a high initial heat flow between 30
and just over 40 mW/g. For CEM A_TEA, the initial
heat flow is significantly higher with 40.1 mW/g than
for CEM A (31.7 mW/g) and CEM A_CN (30.6 mW/
g). For CEM B none of the accelerators leads to such
behavior. With 38.8 mW/g the initial heat flow of
CEM B_TEA is only moderately higher than that of
the reference sample CEM B (36.1 mW/g). After the
short period of the initial heat flow, all samples
achieve their minimum heat flow between 75 and
90 min of hydration (induction period). The results
show that the minimum heat flow reached by the
Ca(NOj),-accelerated samples is higher than that of
the corresponding reference samples and TEA-accel-
erated samples. To be able to compare the onset of the
acceleration period among the different samples, the
onset was defined based on [36] as the intersection of a
linear fit to the heat flow between 2 and 4 mW/g and
the minimal heat flow of each sample. The onset of the
acceleration period, as well as the initial and final
setting of each sample, are highlighted in Fig. 4.

4.4 Ultrasonic P-wave velocity measurement
The ultrasonic P-wave velocity development and its

first derivative during the first 6 h of hydration are
shown in Fig. 5. The P-wave velocity starts to increase

(a) 100
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80+
— 60-
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0 e CEM B_TEA
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Fig. 3 Results of the penetrometer tests conducted on the MIL-
device. a Results of CEM A, b Results of CEM B

right after the start of each measurement. Until the
initial setting time (according to the Vicat needle test)
isreached, v, increases from around 170 m/s to at least
1230 m/s. For each sample, the development of the
P-wave velocity starts with a steep increase, which
temporarily flattens at approximately the time of the
initial setting. The increase in the P-wave velocity
becomes steeper again at the final setting time, or for
some samples shortly afterwards, and then maintains
its slope until the end of the measurement. After
77 min for CEM A_TEA and after 40 min for
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Fig. 4 Heat flow development (straight lines) and cumulative
heat (dashed lines) of hydration of all tested samples. a Heat
flow and cumulative heat of CEM A, b heat flow and cumulative
heat of CEM B

CEM B_TEA, the rate of the ultrasonic P-wave
velocity development temporarily falls behind that
of the corresponding reference sample. Thus, at any
given point later than 90 min of hydration, CEM
A_TEA and CEM B_TEA show a lower ultrasonic
P-wave velocity than their corresponding reference
samples.

4.5 In-situ XRD

The quantification of crystalline phases based on the
minimization of deviations between an observed and a

(a) 2500
A inijtial setting
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Fig. 5 Evolution of the ultrasonic P-wave velocity. Filled
traingle indicates the initial setting time (Vicat), Filled down
triangle indicates the final setting time (Vicat), Filled circle
indicates the onset of the acceleration period. a Evolution of the
ultrasonic P-wave velocity of CEM A, b evolution of the
ultrasonic P-wave velocity of CEM B

calculated X-ray diffraction pattern, as performed
during a Rietveld refinement, requires the following to
generate reliable results: finely ground powders with a
random orientation of crystals, knowledge of all
mineral phases contained in a given sample as well
as their crystal structures, an internal or external
standard to account for the amorphous content if
present, and a precise fit of the background [11, 37].
Even though some researchers have succeeded in
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quantifying the development of hydration products in
hydrating cement pastes by applying an external
standard method to in-situ XRD data [11, 12, 14], it
remains a sophisticated method. The -crystalline
phases contained within the sample, the amorphous
content, and consequently the measured background
signal are continuously changing during the initial
stages of hydration. Additionally, the hydration prod-
ucts are not necessarily randomly oriented, as they
might grow with a preferred orientation. The authors
of the present study therefore decided to limit the
analysis of the in-situ XRD results to the comparison
of reflex intensity development, which does not offer a
quantitative analysis but still provides a qualitative
understanding of the hydration process. The develop-
ment of the intensities for the alite reflex 205, the
portlandite reflex 001, the ettringite reflex 010, the
tricalcium aluminate reflex 044, and the brownmil-
lerite reflex 411 are shown in Figs. 6 and 7 for all tested
samples. The times of initial and final setting are
highlighted for every measurement.

The precision of a single in-situ XRD measurement,
indicating the variability between different measure-
ments on the same analyte, was estimated by us based
on the observation of Jansen et al. [12]. According to
this, a dissolution of alite in the in-situ XRD
measurements only occurs at the end of the induction
period. Consequently, the alite intensity during the
first 60 min of hydration should be constant, and the
variation of the alite intensity observed in the exper-
iment can be used to calculate the coefficient of
variation. The calculated coefficients of variation were
in the range between 1 and 2% for each sample.
Therefore, intensity variations larger than 2% can be
considered significant.

Figures 6 and 7 show that for the samples contain-
ing TEA, no portlandite can be detected by XRD,
while the reflex intensity of alite stays constant during
the entire time of measurement. Figure 6 further
shows that the intensity of ettringite rises quickly to a
high level of 1125 cps at 10 min of hydration in
sample CEM A_TEA, while the intensity of brown-
millerite is reduced, by approximately one third as
compared to the brownmillerite intensity measured in
samples CEM A and CEM A_CN. In contrast, the
reference sample CEM A shows an ettringite intensity
of 465 cps at 10 min of hydration and 800 cps after
360 min of hydration, while the intensity of brown-
millerite stays approximately constant. The time of the
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Fig. 6 Reflex intensity development of the alite 205, portlandite
001, ettringite 010, tricalcium aluminate 044, and brownmil-
lerite 411 reflexes in CEM A measured by in-situ XRD. The
dotted vertical lines indicate the time of initial setting (Vicat),
and the solid vertical lines indicate the time of final setting
(Vicat)

onset of the alite reflex decrease as well as the
portlandite reflex increase coincide with the initial
setting for the samples that do not contain TEA
(Figs. 6, 7).

5 Discussion

The discussion of the presented results is separated
into two sections. In the first section, the influence of
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Fig.7 Reflex intensity development of the alite 205, portlandite
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lerite 411 reflexes in CEM A measured by in-situ XRD. The
dotted vertical lines indicate the time of initial setting (Vicat),
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(Vicat)

the two accelerating admixtures Ca(NOs3), and TEA
on the formation of hydration products and the
dissolution of clinker phases during the early stages
of cement hydration will be discussed based on the
presented results of isothermal calorimetry (Fig. 4)
and in-situ XRD (Figs. 6, 7) starting with the initial
dissolution. In the second section, the focus will be
laid on the correlation between the hydration product
formation and the workability reduction of the

material, which was analyzed using Vicat needle
penetration test (Fig. 2), MIL-device penetration test
(Fig. 3), and ultrasonic P-wave velocity measurement
(Fig. 5). The close correlation between the hydration
product formation and the workability reduction of the
material is highlighted in Fig. 8, which exemplifies all
measurement results for CEM A.

The initial heat flow of CEM A is not significantly
influenced by the addition of 2.0 wt% Ca(NOs), as
shown in Fig. 4.

The addition of 0.1 wt% TEA to CEM A leads to an
enhanced initial heat flow (Fig. 4), and in-situ XRD
(Fig. 6) reveals several reasons for this as the initial
dissolution of clinker phases, especially brownmil-
lerite, was intensified. Such an amplified dissolution
consequently leads to an enforced precipitation, which
is especially clearly visible for ettringite.

During the induction period, increased heat flow
was observed for CEM A_CN (Fig. 4). In-situ XRD
(Fig. 6) reveals a significant increase in portlandite
reflex intensity starting at 120 min and thus 60 min
earlier than in the reference sample, it is assumed that
Ca(NOs3), shortens the induction period by enhancing
the hydration of alite and the formation of portlandite
as well as C—S-H phases.

TEA significantly extended the duration of the
induction period as seen in calorimetry. Accordingly,
no significant decrease in alite reflex intensity was
observed by in-situ XRD (Fig. 6). There are at least
two effects of TEA that delay and at high dosages even
suppress the main hydration of alite. On the one hand,
TEA itself seems to significantly delay (or suppress)
the main hydration of alite. Ramachandran [32]
proposes the hypothesis that the retarded alite hydra-
tion originates from the formation of a Ca*"—TEA
complex that becomes strongly adsorbed into the alite
surface. According to Ramachandran, this complex
forms a layer of reduced permeability on the alite
surface and thus increases the induction period. The
formation of the Ca®"—TEA complex was further
investigated and confirmed by Yang-Rong et al. [31],
but there are still no conclusive results demonstrating
that the Ca>*—TEA complex is responsible for the
retardation of alite hydration, and the mechanism
leading to the retardation of alite hydration will need
further investigation. On the other hand, TEA can
enhance the initial dissolution of the aluminate-
bearing clinker phases (especially of brownmillerite),
which is shown in the current study as well as in
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Fig.8 Summarized results of isothermal calorimetry, MIL-device penetration test, ultrasonic P-wave velocity measurement and in-situ

XRD for CEM A

literature [38]. This facilitated initial dissolution can
lead to a higher aluminum concentration in the pore
solution, which in turn can disturb the onset of the alite
main hydration [39-43]. The mechanism behind this is
still under discussion [20, 44].

Concerning the hydration of CEM B, the same
tendencies as for CEM A can be observed. However,
the effects of the two admixtures on CEM B are
significantly weaker than for CEM A. Ca(NOj),

enhances the heat flow of CEM B during the induction
period but does not seem to have any further signif-
icant effect on the early hydration of CEM B. Also
CEM B_TEA shows only a slightly elevated initial
heat flow and the enhanced brownmillerite dissolution
and amplified intensity of the 010 ettringite reflex
already described for CEM A_TEA are also less
significant in the case of CEM B_TEA (Fig. 7). It was
found that both cements show comparable contents of
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CsA and C4AF as determined by the quantitative
analysis of XRD data by Rietveld refinement (Table 2).
CEM B however, shows lower intensities of C3;A and
C4AF in the in-situ XRD measurements (Fig. 7) as
compared to sample CEM A (Fig. 6), which might be
interpreted as a semiquantitative indication of lower
C3A and C4AF contents in CEM B. Based on this
observation, it might be suspected that the initial
reactivity of C3A and C4AF is higher in CEM B as
compared to CEM A. Thus, it is proposed that as the
reactivity of the aluminate phases in CEM B is already
high in the absence of TEA, the capacity of TEA to
accelerate the aluminate phases in CEM B further is
comparably low. Aggoun et al. [45], who analyzed the
efficiency of Ca(NOj), to act as an accelerator,
described a correlation between the accelerating
efficiency of Ca(NOs), and the aluminate phase
content of the analyzed cements. Aggoun et al. [45]
described that in a high C;A containing cement
Ca(NO3), had almost no effect on the setting time,
while in a low C3;A containing cement Ca(NO3),
significantly reduces the setting time. Thus, the
increased initial reactivity of C3A and C4AF in CEM
B might be responsible for the reduced efficiency of
Ca(NOs3), in decreasing the workability and reducing
the initial and final setting time of sample CEM B_CN.

Based on the results discussed above, it is suggested
that the accelerating effect of Ca(NOs), on the
hydration of the analyzed cement pastes might be
summarized as enhancing the hydration of alite and
the formation of C—S—H. The influence of TEA might
be summarized as enhancing the dissolution of C3A
and C4AF and consequently contributing to ettringite
formation while delaying the hydration of alite and the
formation of C—S—H phases.

In all samples, an immediate increase in penetration
resistance (Fig. 3) and the ultrasonic P-wave velocity
(Fig. 5) have been found. This indicates that worka-
bility started to decrease right after the addition of
water or accelerator solution, respectively. It is well
known [46—48] that consumption of water causes an
increase in the P-wave velocity through the formation
of hydration products, the corresponding transforma-
tion of the cement paste from a slurry to a porous solid,
and the preferred propagation of compressional waves
through the interconnected solids. Thus, the immedi-
ate increase of the ultrasonic P-wave velocity might be
ascribed to an initial formation of hydration products.
As Fig. 8 shows that the ettringite reflex intensity

measured by in-situ XRD starts to increase simulta-
neously to the ultrasonic P-wave velocity at the
beginning of hydration, it is concluded that the
formation of ettringite causes the initial loss of
workability. The observation further supports this
conclusion that the described early loss of workability
was most significant for sample CEM A_TEA which
undergoes, as discussed above, a significantly
enforced ettringite precipitation during the initial
period of cement hydration. In Fig. 8, the initial
period, in which ettringite is predominantly responsi-
ble for the loss of workability, and during which TEA
is thus more effective in reducing the workability than
Ca(NOs3),, is highlighted in light blue.

After one hour of hydration, the heat flow of all
samples reached a local minimum, the induction
period, which is widely regarded as a phase of low
chemical activity and slow formation of C—S—H nuclei
[16-19] as well as slow ettringite precipitation
[11, 20]. Figure 8 shows that during the induction
period, the penetration resistance measured by MIL-
device and the ultrasonic P-wave velocity increased.
This indicates a continued decrease of the material
workability, of which the rate is highest for the
Ca(NOs3), containing samples and lowest for the TEA
containing samples. The rapid workability reduction
in sample CEM A_CN, as well as sample CEM B_CN
(Fig. 3), might be ascribed to the enhancing effect of
Ca(NO3), on the hydration of alite and the formation
of C-S-H. As the retarding effect of TEA on alite
hydration at dosages > 0.1 wt% is well known in
literature [28, 30, 32, 33,49, 50] and was also observed
in the present study, the comparatively slow rate of
workability reduction in the TEA-containing sample
after 60 min of hydration might be a consequence of
the delayed C-S—H formation. These observations
regarding the influence of Ca(NOs3), and TEA on the
rate of workability reduction during the induction
period indicate that while ettringite has the primary
influence on the material workability during the initial
period, the formation of C-S—H has the primary
influence on workability during the induction period.

Figure 8, in which the acceleration period is
highlighted in light red, shows that the increase in
the portlandite 001 reflex intensity occurs simultane-
ously with the increase in heat flow at the beginning of
the acceleration period, with the decline in the alite
205 reflex intensity following shortly after. A decline
in alite reflex intensity could not be observed for CEM
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A_TEA during the 6 h of measuring time because of
the delayed onset of fast alite hydration already
described above. According to [10], the observed
decrease of alite and increase in portlandite reflex
intensity is connected to the progressing dissolution of
alite and the formation of C—S—H phases. It can thus be
concluded that the onset of the acceleration period
coincides with the beginning of rapid alite hydration,
which was previously described by [10, 51] and that
the workability reduction during the acceleration
period, indicated by a continued increase of ultrasonic
P-wave velocity, is dominated by the rapid formation
of C—S—H. According to the Vicat needle penetration
test, the onset of the acceleration period was located
between the initial and final setting time for all tested
samples (Fig. 4). This suggests that the setting of the
analyzed cement pastes, according to the Vicat needle
penetration test, depends mainly on the hydration of
alite and the formation of C—S—H phases.

As the hydration of alite and the formation of C-S—
H phases are enhanced in the presence of Ca(NOs),,
the initial and final setting, the onset of the acceler-
ation period and thus the period in which the fast
formation of C-S—-H phases mainly dominates the
workability were found to occur earlier in Ca(NO3),
accelerated samples. For the TEA accelerated sam-
ples, the onset of the acceleration period and the
workability reduction based on the fast formation of
C-S—H phases were delayed.

6 Conclusions

The presented results are obtained by the analysis of
the hydration mechanisms of two CEM I 52.5 R [35]
produced by two different manufacturers in the
presence of the two accelerating admixtures Ca(NOs),
at a dosage of 2.0 wt% and TEA at a dosage of
0.1 wt% in respect to cement.

Regarding the influence of the two accelerating
admixtures on the early hydration mechanisms of the
tested cements, it was found that Ca(NOs3), had no
significant influence on the initial heat flow but
increased the heat flow during the induction period.
It seems likely that the addition of Ca(NOs), enhances
the hydration of alite and consequently the formation
of C—S-H phases.

At a dosage of 0.1 wt%, TEA significantly
increased the initial dissolution of brownmillerite

and the formation of ettringite in CEM A. TEA further
extended the duration of the induction period and
consequently delayed the onset of the main alite
hydration. Two mechanisms that contribute to the
delayed onset of alite hydration in the presence of TEA
have been discussed.

Results of the ultrasonic P-wave velocity measure-
ments and the conducted penetration tests indicate that
in all analyzed samples, workability started to
decrease immediately after the addition of water or
accelerator solution, respectively. Based on the corre-
lation between the ultrasonic P-wave velocity and
penetration tests with the hydration product formation
analyzed using isothermal heat flow calorimetry and
in-situ XRD, it was suggested that the formation of
ettringite is the primary influence on the rate at which
the analyzed cement pastes changed their workability
during the initial period of hydration.

It was further demonstrated that the formation of C—
S—H phases starts to override the effect of ettringite
formation on the workability reduction during the
induction period and that the formation of C-S-H
phases dominates the rate of workability reduction
during the acceleration period.

The extent to which the workability of a given
cement paste changed significantly depended on the
accelerator and its interaction with the cement.
Ca(NOj3), was found to have significant effects on
the workability of the analyzed cement pastes only
after the initial period. Ca(NO;3), enhanced the
hydration of alite, the rate of workability loss during
the induction period, and advanced the onset of the
acceleration period as well as the initial and final
setting time. TEA enhanced the precipitation of
ettringite and thereby significantly reduced the work-
ability within the first 60 min of cement hydration. By
retarding the onset of fast alite hydration, TEA,
however, prolonged the induction period, increased
the initial and final setting time, and delayed the onset
of workability reduction based on the fast formation of
C-S—-H phases.

It has been demonstrated that ultrasonic P-wave
velocity measurements as well as penetration tests can
be effectively used to continuously monitor the
changing workability of accelerated cement pastes.
In contrast to the Vicat needle penetration test, which
was shown to depend on the formation of C-S—-H
phases mainly, both methods were demonstrated to be
sensitive towards the early workability change due to
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the initial formation of ettringite. As it seems likely
that these results will be transferable to mortars and
concretes, both methods might be applicable in the
development of 3D-printable cement-based materials
for which focus has to be laid on a continuous
monitoring of the workability in order to estimate
printability and buildability at any given time of the
hydration.
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