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Abstract: Chemical admixtures enhance concrete’s proper-
ties and performance, addressing diverse construction needs.
This study investigates the effects of polyacrylamide (PAM) in
combination with the accelerators calcium chloride (CaCl,)
and triethanolamine (TEA) on the early hydration of cement,
with a particular focus on static yield stress. To assess the
impact of these admixtures on hydration kinetics and mate-
rial properties, we employed various analytical methods,
including calorimetric tests, thermogravimetric analysis,
X-ray diffraction, inductively coupled plasma experiments,
and the penetration method. The results indicate that CaCl,
accelerates the early hydration of C;S, promoting the forma-
tion of C-S-H and CH while facilitating the conversion of
AFt to Friedel’s salt. PAM helps to regulate AFt behavior,
reinforcing the beneficial effects of CaCl,. Additionally,
TEA influences the hydration of C4,AF, enhancing AFt pre-
cipitation, while higher dosages modify early hydration
dynamics by delaying C3S hydration. The interaction
between PAM and TEA enhances clinker dissolution, signif-
icantly increasing static yield stress through complexation
reactions mediated by iron ions. These findings highlight the
potential for tailored admixture formulations that combine
PAM with traditional accelerators to optimize cement hydra-
tion and improve material performance.
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1 Introduction

Cement-based materials (CBMs) undergo significant trans-
formations from fresh to hardened states, driven by a
series of chemical and physical changes [1-6]. These trans-
formations critically impact the material’s performance
characteristics. In the context of 3D concrete printing,
one particularly vital transformation is the development
of static yield stress [4,7,8]. This parameter determines the
capacity of the material to support subsequent layers effec-
tively without undergoing deformation. Given its crucial
role in successfully applying 3D printing technologies in
construction, static yield stress has attracted substantial
interest from industry and academia.

The evolution of static yield stress over time is pri-
marily influenced by the hydration process of cement
and the micro-level interactions among colloidal particles
[8,9]. Various admixtures, such as thickening agents, have
been utilized to modify and control CBM properties by
conducting numerous studies [10-15]. Polyacrylamide
(PAM) is a synthetic polymer derived from acrylamide
monomers, notable for its high molecular weight and effi-
cacy as a flocculant in applications like water treatment,
enhanced oil recovery, and soil conditioning [10]. Specifi-
cally, PAM is often employed as a flocculant in sand-
washing processes to bind fine particles together into
larger aggregates. This can lead to some PAM remaining
within the sand, subsequently influencing the properties of
cement concrete [16,17]. The effect of PAM as a thickening
agent on the development of the microstructure and the
rheological properties of concrete has been extensively
studied. Research by Sun and Xu [18] demonstrates that
PAM not only enhances the mechanical strength of con-
crete but also affects the workability of CBMs at various
dosages during the early stages of hydration, forming gel-
like ionic compounds with cations such as calcium ions.
Experiments by Yao et al. [19] indicate that PAM dosages
<0.25wt% decrease setting times, while higher dosages
retard cement hydration, suggesting a dosage-dependent
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effect on static yield stress. Bessaies-Bey et al. [10] found
that PAM forms microgels and adsorbs onto cement parti-
cles, with Ca-ions facilitating the shrinkage and cross-
linking of these gels. It can be inferred that using PAM
can change the structural integrity and workability of
CBMs, making it a practical component for tailoring mate-
rial characteristics to meet specific construction needs.

The research on the combined use of PAM and accel-
erators (e.g., TEA or CaCly) in CBMs is crucial for enhancing
construction processes and improving material properties.
Accelerators play a key role in shortening setting times and
boosting early strength, enabling faster construction and
supporting advanced techniques like 3D concrete printing,
where rapid execution and precision are essential
[8,20-22]. Understanding the interrelations between PAM
and accelerators could unlock significant optimizations,
allowing for a reduction in accelerator usage while main-
taining or improving performance. This lowers material
costs and minimizes potential issues linked to excessive
accelerator use, such as reduced durability. Such advance-
ments would make 3D printing processes more cost-effec-
tive and sustainable, tailored for specific environmental
conditions and usage demands.

In this study, we aim to investigate the effects of com-
bining PAM with accelerators, specifically calcium chloride
(CaCly) and triethanolamine (TEA), on the evolution of the
static yield stress of cement paste during early hydration.
Utilizing a comprehensive set of experimental techniques,
including calorimetric tests, thermogravimetric analysis
(TGA), X-ray diffraction (XRD), and ICP-OES, we analyze
the interplay between these admixtures and their influ-
ence on hydration kinetics and rheological properties.
This work provides a detailed exploration of how PAM
moderates the effects of accelerators, such as enhancing
hydration product formation and modifying the dissolu-
tion dynamics of cement phases. By understanding these
mechanisms, the study offers insights into optimizing
admixture formulations to achieve desired material prop-
erties, with implications for reducing accelerator usage
and improving the cost-efficiency of advanced construction
techniques like 3D concrete printing.
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2 Materials and experiments

2.1 Materials

Ordinary Portland cement (OPC, CEM I 42.5R) provided by
HeidelbergCement (Germany) was used, and its composi-
tion is listed in Table 1. The cement has a Blaine-specific
surface area of 3,500 cm?/g and a density of 3.14 g/cm?®,
respectively. Further information, including the particle
size, can be found in the previous publication [23]. The
PAM used is an anionic type with an anionicity of 30%
and a molecular weight of 4 million Da (see Figure 1 for
chemical structure) and was purchased from Meiyu Che-
mical Industry (Jinan, China). The accelerators, CaCl,-2H,0
from VWR (Germany) and analytical grade TEA (TEA) from
J&K Chemical Technology (China), were also used, and the
purity of both is >98 wt%.

The water/cement ratio of samples was kept at 0.36.
Samples were prepared using deionized water and mixed
with a vertical mixer (Kitchen Aid, Type 5K45, Benton
Harbor, MI, USA). The mix proportion of the pastes is
shown in Table 2. The mixing protocol is as follows: Aqu-
eous solution containing different admixtures was pre-
pared by adding 30 wt% of the total water, homogenized
with a glass rod, and mixed for 5 min. The other 70 wt% of
the total water was introduced into the cement in the
mixer. With the mixer, the paste was mixed at level 1
(58 rpm) for 60 s, and then the edges of the bowl of cement
paste were scraped for 30 s. After that, the paste was mixed
again at level 3 (103 rpm) for 60s. The pre-prepared aqu-
eous solution containing different admixtures was added
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Figure 1: Chemical structure of poly(acrylamide-co-[Na] acrylate).

Table 1: Chemical and mineralogical composition of cement (data taken from the study of Pott et al. [23])

Oxide wt% Oxide wt% Phase wt% Phase wt%
Ca0 61.79 SO3 2.84 Alite (C3S) 54.45 Gypsum 4.82
SiO, 21.14 K>,0 0.77 Belite (C2S) 18.07 Calcite 4.08
Al,O5 5.53 Na,0 0.21 C3Acubic 3.28 Quartz 0.42
Fe,03 2.27 TiO, 0.32 C3Aorth. 7.55 Periclase 0.75
MgO 1.39 P,05 0.14 C4AF 5.17 Other phase 1.4
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Table 2: Mix design of the studied cement paste

No. Specimen PAM (wt%) CaCl, (wt%) TEA (wt%)
1 REF 0 0 0

2 P48 0.048 0 0

3 PO-C1 0 1 0

4 P48-C1 0.048 1 0

5 P0O-C2 0 2 0

6 P48-C2 0.048 2 0

7 P0O-T15 0 0 0.15
8 P48-T15 0.048 0 0.15
9 P0-T25 0 0 0.25
10 P48-T25 0.048 0 0.25

to the cement paste, and then the sample was mixed at
level 3 (103rpm) for 60s. The preparation and related
experiments were conducted in an air-conditioned labora-
tory at 20 £ 1°C.

2.2 Experiments
2.2.1 Slow penetrating sphere (SPS) test

The SPS test was performed using the Toni SET Force
(ToniTechnik GmbH, Berlin, Germany). The instrument has
been described and validated for SPS experiments in previous
studies [7,8]. In this study, samples were prepared through
the procedure described in Section 2.1 and poured into a
cylindrical plastic container (radius 30 mm, height 80 mm)
for continuous measurement. The cement on the surface of
the containers was leveled using a scraper, and an anti-eva-
poration device was placed on top of the sample containers
during the measurements. The sphere descent speed was
fixed at 0.05 mm/min. The measurement was stopped when
the measurement time reached 5h, or the force reached
400 N. Based on the equation from the study of Lootens
et al. [9], the static yield stress can be calculated as follows:

F(t)
3nR?’

7(t) = @
where R (=7.5 mm) is the sphere radius, F is the penetration
force, and 7 is the static yield stress as a function of time.

2.2.2 Setting time with the Vicat needle penetration

The setting time of samples was measured using an auto-
matic Vicat needle device ToniSET Compact (Toni Technik
Baustoffpriifsysteme GmbH, Berlin, Germany). According
to EN 196-3 [24], the initial setting (IS) time is defined as
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the time when the needle penetration depth reaches
34 mm, while the final setting (FS) time is defined as the
time when the needle penetration depth reaches 0.5 mm.

2.2.3 XRD

XRD experiments were performed using the XRD EMPYR-
EAN (Malvern Panalytical Ltd, UK) on powder samples for
1h. The steps to obtaining the required sample powders for
the experiment are as follows: After 1h of hydration, isopro-
panol was added to the sample and stirred for 5min. After
decanting the isopropanol, the sample was placed in an oven
at 40°C to dry to a constant weight. Then, the dried samples
were manually ground to powder for measurements.

2.2.4 TGA

TGA was performed using the TG209 F3 Tarsus (NETZSCH-
Geratebau GmbH, Sleb, Germany). Samples were the same
powder used in the XRD experiments. Approx. 10 mg of the
powder was tested in a nitrogen atmosphere from 25 to
850°C with a heating rate of 10°C/min.

2.2.5 Isothermal calorimetric test

Isothermal calorimetric tests were performed using a TAM
Air calorimeter (TA Instruments, New Castle, PA, USA) to
record the heat flow of the cement paste for 72 h. Since the
calorimetry was not equilibrated and mixed in the calori-
meter, measurements of samples initially hydrated for 1h
were not considered for calculating the cumulative heat.

2.2.6 Ultrasonic P-wave velocity measurement

Ultrasonic P-wave velocity measurements were performed
using the Ultrasonic Measuring Test System IP-8 (UltraTest
GmbH, Achim, Germany). This equipment measures the
velocity of ultrasonic P-waves through a 40 mm cement
paste. The ultrasonic velocity was measured every 60s
during 24h of cement hydration in an air-conditioned
laboratory at 20 + 1°C.

2.2.7 Inductively coupled plasma (ICP) experiment

The concentration of various elements, including [K], [Nal,
[Cal, [S], [Fel, [Al], and [Si], of the pore solution at a
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hydration time of 15min was detected by inductively
coupled plasma optical emission spectrometry (ICP-OES,
IRIS Intrepid II XSP, Thermo Fisher, USA). At 15min of
hydration, fresh cement paste was first placed into the
centrifugation tubes and then immediately centrifuged at
about 3,317 g for 15 min. The supernatant solution was col-
lected by using a syringe filter with a pore diameter of 0.45
um. The filtered pore solution was immediately diluted
three times by mass with 1.0 wt% nitric acid (HNO3) and
kept sealed in ampoules.

3 Results

3.1 Evolution of static yield stress

The evolution of static yield stress in early cement hydra-
tion, as determined by the SPS test, is shown in Figure 2.
When used individually, 1.0 wt% CaCl,, 2.0 wt% CaCl,,
0.15 wt% TEA, 0.25 wt% TEA, and 0.048 wt% PAM accelerate
the increase in the static yield stress of cement, as
described, respectively, in the literature related to TEA
[25,26], CaCl, [27-29], and PAM [19].

As shown in Figure 2a, the yield stress of the sample
with PAM increases marginally faster than the reference
sample, and at approx. 4h, when the yield stress of P48
reaches around 700 kPa, it is nearly the same as that of
REF. CaCl, addition has an obvious acceleration on yield
stress, specifically by reducing the time required to reach
700 kPa. Compared to the REF sample, using 1.0 wt% CaCl,
reduces the time from about 4 to 3h, while 2.0 wt% CaCl,
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(P0-C2) reduces it to about 1.5h. The combined use of CaCl,
and PAM exhibits a slightly enhanced acceleration effect than
the individual use of CaCl, in both cases of 1.0 and 2.0 wt%.
The time required for PAM with 2.0 wt% CaCl, (P48-C2) to
reach 700 kPa is almost the same as that for PO-C2.

Figure 2b shows that both 0.15 and 0.25wt% TEA can
accelerate the increase in static yield stress in the very
early stage (within approx. 2h). After about 2.5 h of hydra-
tion, the increase in static yield stress for using 0.15 wt%
TEA sample slows down and falls below that of REF. Unlike
the sample with PAM and CaCl,, the combined use of PAM
and TEA significantly accelerates the static yield stress. The
time to reach 700 kPa is reduced by over 1h when PAM and
TEA are combined. Additionally, it can be found that the
static yield stress for samples containing 0.25wt% TEA
increases steeply first and then slows down, which differs
from the exponential increase observed in other samples.

3.2 Setting times

The initial and FS times of the cement samples are shown in
Figure 3. It can be observed that the use of PAM and accel-
erators (CaCl, and TEA) leads to a decrease in the setting
time. With the increased dosage of CaCl, and TEA, the initial
and FSs decrease, and the most dramatic decrease is
observed when 0.25wt% TEA was used, indicating a rapid
set of cement, similar to previous studies [25,26].

The IS time of samples containing CaCl, and PAM (e.g.,
P48-C1) or TEA and PAM (e.g., P48-T15) decreases more
than that of samples with the corresponding dosage of
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Figure 2: Static yield stress of samples with different admixtures in the early stage of cement hydration: (a) PAM and CaCl, and (b) PAM and TEA.



DE GRUYTER

corresponding admixture added individually (e.g., P0-C1 or
P0-T15), which indicates that the combined use of these two
types of accelerators and PAM has a better set accelerating
effect. It is also clear that the set accelerating effect of
the combination of PAM and TEA is better than that
of the combination of PAM and CaCl,. Compared to
P0-T15, the IS time of P48-T15 decreased by 44%.
Similarly, P48-T25 decreased by 31% compared to P0-T25,
P48-C1 decreased by 13% compared to P0-C1, and P48-C2
decreased by 11% compared to P0-C2.

3.3 Heat of hydration

Figure 4 shows the evolution of the heat flow and cumula-
tive heat of hydration, measured over the first 24h of
hydration. It is generally accepted that the first peak of
the calorimetric curve, occurring within the first hour, is
due to the initial dissolution of clinker phases and the
initial chemical reactions [30,31]. The second peak results
from the main hydration of C3S and is considered the main
exothermic peak during the early hydration of cement. The
shoulder peak of the second peak is associated with the
sulfate depletion point caused by reactions between CsA
and AFt [29,30]. The calorimetric curve of REF is consistent
with that of typical OPC, showing a noticeable second peak
(main peak) and its shoulder peak.

Figure 4a shows that the heat flow curve of the sample
containing only 0.048 wt% of PAM (P48) is similar to that of

360

Effects of PAM and accelerators on static yield stress of cement paste

- 5

REF, and the 0.048 wt% PAM slightly extends the induction
period of cement hydration and delays the second peak
before 10 h. From the curve of cumulative heat, it can be
observed that using 0.048 wt% PAM slightly reduced the
heat released from cement. The curves for samples con-
taining 1.0 wt% (P0-C1) and 2.0 wt% (P0-C2) CaCl, show a
significant shift in the appearance of the main peak, occur-
ring earlier at approx. 6h for P0-C1 and 4h for PO-C2,
compared to 10h for REF. For samples containing
0.048 wt% PAM and CacCl, (P48-C1), the calorimetric curve
is generally identical to P0-C1. In the zoom-in graph of
Figure 4a, the PAM used in this study slightly reduced
the heat flow within the hydration time of 4 h in both cases
of 1.0 and 2.0 wt%.

For samples containing only 0.15 wt% TEA (P0-T15), the
shape of the calorimetric curves for P0-T15 is similar to
REF, featuring a second exothermic peak. However, the
shoulder peak of the second peak is missing, and the
heat flow at the minimum heat flow point is higher than
REF. On the other hand, the calorimetric curve of P0-T25
differs from REF, showing multiple peaks within the first
24 h of hydration, occurring at approx. 2, 6, and 21 h.

In Figure 4b and d, for the sample containing 0.048 wt%
of PAM and 0.15wt% of TEA (P48-T15), its calorimetric
curve is similar to P0-T15. After the end of the induction
period, the heat flow of P48-T15 is significantly lower than
P0-T15, suggesting PAM reduces heat released from cement
hydration in the presence of TEA. For the sample con-
taining 0.048 wt% PAM and 0.25wt% TEA (P48-T25), the
exothermic peak around 2h in P0O-T25 is absent in P48-T25,
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Figure 3: IS and FS time of samples with different admixtures.
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Figure 4: Calorimetric curves of cement pastes containing different admixtures during 24 h. Heat flow (a) and cumulative heat (b) of samples with
PAM and CaCl,, and heat flow (c) and cumulative heat (d) of samples with PAM and TEA.

and during the first 4 h hydration, the heat flow of P48-T25 is
significantly higher than other samples. In addition, the heat
flow peak around 6 h observed in P0-T25 is also present in
P48-T25 but with a substantially lower value. Unlike the
third exothermic peak in the calorimetric curve of P0-T25
within 24 h, no such peak is observed in P48-T25.

All these observations suggest that the combined use of
CaCl, and low-dosage PAM does not effectively promote
early cement hydration, while the combined use of TEA
and low-dosage PAM changes the early hydration process
of cement. Notably, if the TEA dosage is relatively high,
significant changes in the very early hydration process of
cement may occur.

3.4 Ultrasonic velocity

Figure 5 shows the evolution of ultrasonic P-wave velocity
(hereafter referred to as “velocity”) during the first 24 h of
cement hydration. The velocity related to PAM and CaCl, is
shown in Figure 5a, and the velocity associated with PAM
and TEA is shown in Figure 5bh. All P-wave velocities
increased immediately after the onset of the measurements.
However, the subsequent evolutions were not all the same.

The velocity profiles during hydration for different
cement samples show varied patterns depending on their
composition. For REF and samples containing 0.048 wt%
of PAM (P48), velocities were generally lower than REF
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throughout the initial 24 h of hydration. Both REF and P48
demonstrated a decrease in velocity after about 30 min.
In samples with 1.0 wt% of CaCl, (P0-C1), velocity trends
were akin to REF and P48, showing a decline, but P0-C1 main-
tained higher velocities than both REF and P48 throughout,
especially before 45min of hydration. In contrast, samples
with both 0.048wt% PAM and varying concentrations of
CaCl, did not exhibit this initial decrease but displayed a
phased velocity increase: an initial slow increase within 1h,
followed by a rapid rise, and then another slow rise. Notably,
P0-C2 initially showed lower velocities than P48-C2 but sur-
passed it between 1 and 2 h, only to fall below again thereafter.
Samples containing TEA, with or without PAM, exhib-
ited a distinct rapid velocity increase in the early hydration
stages. For instance, PO-T15 and PO0-T25 showed multiple
phases of rapid and slow velocity increases. In the first
2h, PO-T15 had lower velocities than P0-T25 but subse-
quently maintained higher rates. Similarly, the velocities
of P48-T15 and P48-T25 surged but then transitioned into
slower increase phases after about 30 and 90 min of hydra-
tion, respectively. Differences were also observed in the
relative velocities between samples with TEA, highlighting
varied hydration kinetics based on their chemical additives.

3.5 TGA
Figure 6 illustrates the TGA and differential thermogravi-

metric results for cement samples containing various admix-
tures hydrated for 1 and 2 h. The identification of the thermal
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decomposition temperature of hydration products was based
on previous studies [32-34]. The results highlight distinct
thermal decomposition behaviors influenced by admixture
type and hydration duration. For samples with calcium
chloride (CaCl,) and PAM, there is a notable shift in the thermal
mass loss peaks as hydration progresses. In the first 1h, we
observe peaks corresponding to the dehydration of hydration
products such as Ettringite/AFt, Friedel’s salt/Fs, portlandite/CH,
and gypsum at specific temperatures. These temperatures shift
slightly in the samples at 2 h, when the dehydration range for
calcium silicate hydrate (C-S-H) becomes apparent. These
observations underscore the dynamic chemical transforma-
tions occurring within these cement systems.

The thermal decomposition of TEA-containing samples,
as depicted in Figure 6c and d, indicates a rapid dehydration
of ettringite (AFt) and a slower reaction rate for aluminate
ferrite monosulfate (AFm). This suggests that TEA signifi-
cantly influences early-stage hydration reactions, particu-
larly enhancing the formation of AFt. Interestingly, the pre-
sence of TEA also appears to retard the hydration of the
silicate phase, a finding consistent with previous studies
[25,26], as evidenced by the slightly low intensity and stable
CH content across the hydration period. This retardation
might be attributed to TEA’s interaction with calcium ions,
which are crucial for the hydration process.

The TGA data specifically highlight the interactions
between PAM and chemical accelerators like CaCl, and
TEA on the hydration kinetics of cement. The presence
of PAM appears to modify the hydration behavior signifi-
cantly when used in conjunction with these accelerators.
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Figure 5: Evolution of the ultrasonic P-wave velocity of cement pastes with (a) PAM and CaCl, and (b) PAM and TEA.
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Figure 6: Thermogravimetric mass loss of samples with different admixtures at 1 and 2 h of hydration. Subfigures (a) and (b) correspond to mixtures
with PAM and CaCl,, while (c) and (d) show the results for mixtures with PAM and TEA.

In CaCl,-containing samples, the interaction between PAM
and CaCl, leads to pronounced variations in the hydration
process, evident from shifting thermal mass loss peaks
over time, indicating accelerated reactions in the alumi-
nate and silicate phases. Similarly, in the TEA-enhanced
samples, PAM seems to stabilize the hydration reactions,
as evidenced by the consistently low intensity of CH peaks
despite the overall accelerated formation of AFt. This sug-
gests a nuanced role of PAM in moderating the effects of
accelerators on cement hydration kinetics.

3.6 XRD

Figure 7 shows the XRD patterns of cement samples con-
taining different admixtures. The identification of different

solid phases, including clinkers and hydration products,
was based on PDF-2 [35] and literature [36—43]. The peak inten-
sities corresponding to the individual solid phases after the
addition of admixtures varied after 1 and 2 h of cement hydra-
tion. Calcite is not considered here due to the overlap of its
characteristic peaks with CS and C,S. In addition, the presence
of Friedel’s salt (Fs, 3Ca0-Al,05CaCl,-10H,0) is detected in the
CaCl,-containing samples and monosulfoaluminate with 12
moles of water (Ms12) is detected in the TEA-containing sam-
ples, as shown in Figure 8 (a zoom-in graph from Figure 7),
where P0-C2 and P0-T25 stand for the CaCl,-containing samples
and the TEA-containing samples, respectively. The other AFm
phases, as well as hydrogarnet (C;AHg), are not detected.

The analysis of XRD data, presented in Figures 7 and 8,
delves into the effects of PAM when combined with accel-
erators such as CaCl, and TEA on the hydration phases of
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cement. The presence of PAM distinctly alters the hydra-
tion dynamics by affecting the intensities of the sulfate and
aluminate phases, suggesting changes in their solubility
and reaction kinetics.

In the case of samples containing both CaCl, and PAM,
there is a noticeable modification in the hydration product
phases within the first hour of hydration. The intensity of
the sulfate phases (i.e., CaS0,2H,0) decreases in the pre-
sence of PAM, indicating that PAM modifies the availability
of sulfate ions necessary for phase formation. In addition,
the presence of PAM may reduce sulfate diffusion. Thus, the
retardation of the aluminate phase is not as pronounced as

Effects of PAM and accelerators on static yield stress of cement paste
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it is with readily available sulfate. Concurrently, the alumi-
nate phase reacts more promptly, indicating PAM’s role in
accelerating this specific phase without significantly
impacting the silicate phase, as evidenced by the stable CH
phase intensity.

At the hydration time of 2 h, as indicated in Figure 7h,
the influence of CaCl, predominates, overshadowing the
effects of PAM. The diminished CH content in samples con-
taining both CaCl, and PAM, compared to those with CaCl,
alone, may reflect PAM’s influence on the crystallization
and aggregation processes of CH. This underscores the
complex role of chemical admixtures in shaping the
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Figure 8: Zoom-in graph on XRD patterns of samples with PAM and TEA hydrated for 1 and 2 h.

kinetics of cement hydration. In samples containing TEA and
PAM, the subtle enhancements in the intensities of AFt and
Ms12 indicate a stabilizing effect of PAM on these phases.
Despite this, the CH phase remains largely unaffected over
time. The interplay between TEA and PAM illustrates a
nuanced impact on cement chemistry, emphasizing the subtle
yet significant changes in crystallization orientation and
phase intensity relationships due to the admixtures.

3.7 ICP-OES

To determine the ion composition of pore solutions, sam-
ples containing 1.0 wt% CaCl, and 0.15wt% TEA, with or
without PAM, were mainly considered. In our experiment,
the use of 0.25wt% TEA and 2.0 wt% CacCl, led to the rapid

setting of cement, making it difficult to obtain enough pore
solution through the centrifugal device. The elemental
composition of the pore solutions of cement samples
hydrated for 15 min, including the background for each
element from the ICP device, is shown in Table 3.

The study evaluates the impact of PAM when com-
bined with CaCl, and TEA on the elemental concentration
changes during the initial hydration phases of cement.
Initial findings indicate that alkali elements [K] and [Na]
remain relatively unaffected by these admixtures, main-
taining high dissolution rates. In contrast, the concentra-
tions of [Ca], [S], [All, [Fe], and [Si] exhibit significant
changes, reflecting the complex interactions between these
admixtures and the cement matrix. Notably, the addition
of 0.048wt% PAM slightly increases [S] concentration
while decreasing [Ca], [Al], [Fel, and [Si], suggesting a
nuanced effect of PAM on the hydration environment.

Table 3: Composition of the cement pore solutions from samples with different admixtures

Sample K (mmol/L) Na (mmol/L) Ca (mmol/L) S (mmol/L) Al (mmol/L) Fe (mmol/L) Si (mmol/L)
Background 0.004 0.007 0.0007 0.0004 0.0002 0.00001 0.0003

REF 323 49.9 23.0 149.3 0.547 0.201 2.251

P48 348 54.4 124 161.6 0.019 0.008 0.037

PO-C1 342 52.2 85.3 22.2 0.003 0.001 0.012
P48-C1 34 53.5 81.5 211 0.007 0.002 0.021

P0O-T15 373 60.4 14.3 163.4 0.093 1.465 0.337
P48-T15 365 61.4 13.5 174.1 0.277 2.01 1.073
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Adding 1.0 wt% CaCl, predominantly increases [Ca]
levels, demonstrating its expected influence on enhancing
calcium availability in the system, which is crucial for the
formation of calcium hydroxide and other calcium-rich
hydration products. However, this addition also leads to
a decrease in [S], [All, [Fel, and [Si], highlighting CaCl,’s
role in potentially driving these elements into less soluble
phases or complexes. When both 0.048 wt% PAM and 1.0 wt%
CacCl, are used, the interaction modifies the concentrations
of [Ca] and [S] slightly, while [Al], [Fe], and [Si] exhibit a
relative increase compared to samples with only CaCl,,
indicating a shift in the dissolution and precipitation
dynamics influenced by PAM.

The introduction of 0.15 wt% TEA affects the elemental
dynamics differently: it slightly increases [S] and [Fe] while
reducing [Ca], [Al], and [Si], suggesting TEA’s influence on
promoting the hydration of certain phases at the expense
of others. The combination of TEA and PAM further alters
these dynamics, reducing [Ca] concentration and
increasing [S], [Al], [Fe], and [Si] compared to the addition
of TEA alone. This pattern implies a synergistic effect of
PAM and TEA on the dissolution and reaction processes
within the cement matrix, affecting the availability and
reactivity of these key elements.

Overall, the study illustrates the complex interplay
between PAM, CaCl,, and TEA in the early hydration phases
of cement, highlighting how these admixtures can selec-
tively enhance or inhibit the dissolution of specific ele-
mental constituents. The interactions between PAM and
these accelerators not only modify the elemental concentra-
tions but also suggest alterations in the microstructure and
phase development of the hydrating cement, potentially
leading to varied physical properties in the resulting mate-
rial. This nuanced understanding of admixture interactions
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provides valuable insights into optimizing cement formula-
tions for enhanced performance characteristics.

4 Discussion

The discussion of the above experimental results is divided
into the following three parts. First, the evolution of static
yield stress of cement paste is analyzed based on the for-
mation of hydration products with ultrasonic experiments
and hardening experiments. Then, the effect of admixtures
on the dissolution of the clinker phase of the cement, as
well as on the formation of hydration products in the very
early stages of hydration, is discussed based on the heat of
hydration/TG/XRD results. Finally, the effect of admixtures
on the static yield stress of cement during the very early
stage of hydration is discussed through pore solution data
obtained from the ICP experiment.

4.1 Interrelationship between the measured
rheological properties

Figure 9 illustrates the effect of PAM and the accelerators
CaCl, and TEA on the IS times of cement paste. When these
admixtures are introduced individually, a reduction in the
IS time is observed, indicating their influence on acceler-
ating cement setting and hardening. The Vicat needle pene-
tration test reveals this acceleration effect; however, due to
the differing dimensions and pressures applied by the
testing apparatus (a thin stick versus a larger ball in the
SPS test), the data may not perfectly represent the static
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Figure 9: Comparison between SPS, setting time (shown as a triangle), and ultrasonic velocity: (a) PAM and CaCl, and (b) PAM and TEA.



12 — VYanliang Ji et al.

yield stress evolution across different admixture composi-
tions. Despite these experimental discrepancies, the early-
stage hydration aligns with increases in static yield stress
observed within about 2.5h of hydration.

The ultrasonic P-wave velocity measurements further
demonstrate the impact of hydration products on the phy-
sical properties of the cement matrix. For some samples,
such as REF, P48, and P0-C1, a decrease in ultrasonic velocity
before the 2-h mark is noted, attributed to the increased
tortuosity in the pore space due to insufficient hydration
product quantities to fully connect cement particles
[44-46]. As hydration progresses, the velocity increases,
reflecting the consumption of water, the continued accumu-
lation of hydration products, and the eventual hardening of
the cement paste [44,45], which collectively contribute to the
evolving static yield stress of the cement.

The introduction of PAM notably decreases the IS time
across all samples, with corresponding ultrasonic P-wave
velocities being lower in PAM-containing samples in a cer-
tain period of time compared to those without PAM (e.g.,
P48 < REF, P48-C1 < P0-C1). This suggests that the increased
static yield stress in samples with both TEA and PAM or
CaCl, and PAM is not solely due to the precipitation of the
hydration product. Early hydration stages show PAM’s
bridging effect significantly enhances static yield stress,
surpassing the impact of hydration product formation
alone. Notably, TEA accelerates aluminate phase dissolu-
tion and hydration, promoting PAM’s cross-linking and
bridging — a unique interaction not observed with CaCl,,
demonstrating the specific roles and synergies between
PAM and these chemical accelerators in cement hydration.

4.2 Relationship between the hydration
process and static yield stress

PAM with a dosage of 0.048 wt% slightly extended the
cement induction period and retarded cement hydration,
as evidenced by isothermal calorimetry (Figure 3a and b).
The heat flow from PAM-modified samples (P48) was initi-
ally higher than the reference (REF) until reaching the
lowest heat flow point, after which it dropped below
REF, indicating a delayed main hydration stage of CsS.
This effect of PAM was corroborated by XRD and TG experi-
ments, which showed a decrease in AFt content and no
change in CH content compared to REF, suggesting PAM’s
inhibition of chemical hydration.

In contrast, adding CaCl, significantly reduced the
induction period and enhanced the heat flow during the
acceleration period (Figure 3a and b). XRD results
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highlighted increased CH content despite lower initial
AFt intensity than samples without CaCl,, indicating a
dynamic shift in hydration phases. The TG data supported
these findings, showing increased C-S-H, CH, and Fs con-
tents in CaCl,-enriched samples, affirming that the hydra-
tion of CsS and the transformation from AFt to Fs are
pivotal in the early static yield stress increase.

Samples containing only TEA showed unique hydration
behaviors, with significant early exothermic calorimetry peaks,
reflecting accelerated aluminate phase reactions (Figure 3c).
XRD and TGA confirmed higher AFt content and consistent
CH content across hydration stages. The increased AFt content
and stable Ms12 intensity suggest that TEA predominantly pro-
motes early aluminate phase reactions, leading to a distinct
hydration profile compared to other admixtures.

The interaction between PAM and the accelerators
reveals complex hydration dynamics. When PAM is com-
bined with CaCl,, it moderates the effects of CaCl,, slightly
extending the induction period and altering the hydration
process, as shown by the comparative analysis of AFt and
Fs contents via XRD and TG. The results imply that while
PAM may delay some reactions, it does not significantly
hinder the hydration promoted by CaCl,, highlighting the
nuanced role of PAM in cement chemistry. Similarly, the
combination of TEA and PAM modifies the hydration time-
line and dynamics, with PAM enhancing the effects of TEA
on the hydration process. Despite a higher AFt content
observed with lower TEA dosages, increasing TEA concen-
tration changes the hydration sequence, evidenced by the
differing hydration peaks and product formation in calori-
metry and TG results. This suggests that while PAM and
TEA together increase the complexity of the hydration pro-
cess, their impact on static yield stress is nuanced,
reflecting the intricate interplay of chemical interactions
and admixture effects on cement properties.

4.3 Influencing mechanism of the combined
use of PAM and accelerators

Based on pore solution analyses of cement paste conducted
for samples, schematic drawings of dissolution and hydration
in a very early stage of hydration are shown in Figure 10 for a
better understanding of the effects of single or combined use
of PAM and accelerators on the dissolution of clinker phases
and precipitation of hydration products at the very early
stage of hydration.

Figure 10 illustrates the early stages of clinker hydra-
tion, showing the release of various cations. Compared to
REF (Figure 10a), the addition of calcium chloride delays
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the release of aluminum and iron ions (Figure 10b), while
TEA actually enhances their release (Figure 10c) (promoted
release of aluminum ions is converted into the earlier pre-
cipitation of AFt based on XRD and TGA). When PAM is
added, cation release is initially inhibited (Figure 10d).
However, this effect is weakened by the simultaneous pre-
sence of calcium chloride, slightly increasing cation release
(Figure 10e). The combined addition of PAM and TEA mark-
edly promotes this process, leading to increased adsorption
of PAM on clinkers and complexation with iron ions, cor-
relating with a significant rise in static yield stress
observed in SPS tests (Figure 10f).

Specifically, CaCl, and PAM are added simultaneously,
and PAM is adsorbed onto the surface of the particles. Due
to its complexation and cross-linking with calcium ions
[10], PAM facilitates the connection between cement parti-
cles, albeit with a comparatively fixed and not very attractive
inter-particle force. The complexation and cross-linking with
calcium ions induced by CaCl, also diminish the retarding
effect of PAM on cement hydration, potentially blocking the
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smooth diffusion of water and ions, thereby inhibiting the
precipitation of hydration products [10,18,19]. This effect is
observed in the TGA and XRD results for samples with
CaCl, and PAM at 1 and 2 h of hydration, where the 1-h sam-
ples show higher hydration product content than those con-
taining only CaCl,, but this advantage disappears in the 2-h
samples.

The interaction between PAM and calcium ions from
CaCl, imparts an attractive inter-particle force not found in
samples with only CaCl,, resulting in consistently higher
static yield stress in the CaCl, and PAM samples at the very
early stages of hydration (Figure 2a). This interplay is
depicted in Figure 10e. Furthermore, when higher dosages
of CaCl, and PAM are used together, the complexation with
PAM is relatively diminished due to the earlier hydration
of C3S and the resulting higher content of C-S-H and CH,
suggesting a reduced impact of PAM on static yield stress as
the CaCl, dosage increases.

TEA reacts preferentially with C4AF, not C3A [26], but
also accelerates the dissolution and reaction of C3A while

TEA

Different cement particles
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Figure 10: Schematic drawings of dissolution and hydration in a very early stage of hydration. (a) REF, (b) PO-C1, (c) PO-T15, (d) P43, (e) P48-C1, and

(f) P48-T15.
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inhibiting the major hydration of C3S [47,48], indicating a
reaction preference of Fe > Al > Ca for TEA. This affects the
release of calcium ions from the cement particle surface, as
Al and Fe may still interact with TEA. PAM, attracted to the
higher concentration of calcium ions, is adsorbed onto the
cement particle surfaces, influencing TEA’s reaction with
C4AF and facilitating the release of more aluminum and
iron ions into the pore solution. With an increased pre-
sence of ions (i.e., Fe and Al), the bridging effect of PAM
is enhanced, along with the slightly increased precipitation
of Aft. This may contribute to a faster increase in static
yield stress from the onset of hydration, as observed in
the SPS test. The results underscore the complex interplay
between PAM and TEA in modifying cement hydration
dynamics, which could inform the intelligent design of
3D printing concrete or shotcrete in practical engineering
with reduced CO, emissions.

5 Conclusions

In this study, we investigated the effects of combining PAM

with the accelerators calcium chloride (CaCl,) and TEA on

the static yield stress of cement paste during its early
hydration stages. We employed a variety of methods,
including the SPS test, Vicat needle penetration, ultrasonic

P-wave velocity measurements, calorimetric tests, TGA,

XRD, and ICP experiments. The findings from these diverse

methodologies led to the following conclusions:

1. CaCl, enhances early C3S hydration, promoting C-S-H
and CH formation and the conversion of AFt to Friedel’s
salt. PAM, while retarding the peak hydration of C3S by
affecting AFt and its conversion, does not detract from
the overall positive impact of CaCl, on C3S hydration, as
evidenced by calorimetric tests, XRD, and TGA.

2. Initially, CaCl, inhibits the release of Al, Fe, and Si ions,
but PAM offsets this effect, likely through complexation
with calcium ions derived from CaCl,. This interaction
promotes further precipitation of AFt and Friedel’s salt,
contributing to early hydration and increased static
yield stress via PAM’s bridging effect, as demonstrated
by ICP and XRD findings.

3. TEA significantly enhances the dissolution and hydration
of C,AF, leading to increased AFt precipitation. Higher TEA
dosages (0.25 wt%) substantially alter early cement hydra-
tion dynamics by delaying C3S hydration. The formation of
Ms12 alongside AFt contributes to increased static yield
stress, as confirmed by calorimetric testing and XRD.

4. PAM synergistically enhances the initial clinker phase
dissolution promoted by TEA, contributing substantially
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to the increase in static yield stress. This synergy
involves TEA-driven cation release, which attracts
PAM to the cement particles, enhancing cross-linking
reactions facilitated by cations (i.e., iron ions) and pro-
moting the concurrent precipitation of hydration pro-
ducts, as shown in ICP and TG experiments.

These results show how PAM, when used with
common accelerators like CaCl, and TEA, greatly influences
how cement hydrates and its strength. The interaction
between PAM and the ions affected by TEA particularly
highlights the potential for creating dual accelerators that
can both dissolve clinker faster and improve cement
strength. Designing these mixtures requires careful consid-
eration of how each component impacts cement hydration
and final strength to achieve the desired outcomes. For
future study, further research into the synergistic effects
of these chemical admixtures could lead to more efficient
and sustainable cement formulations, enhancing the perfor-
mance and durability of concrete in construction.
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