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This work studied the thickening progression mechanism of the silica fume — oil well cement composite
system at high temperatures (110—180 °C) in order to provide a theoretical guidance for the rational
application of silica fume in the cementing engineering. Results showed that silica fume seldom affected
the thickening progression of oil well cement slurry at 110—120 °C, but when temperature reached above
130 °C, it would aggravate the bulging degree of thickening curves and significantly extend the thick-
ening time, meanwhile causing the abnormal “temperature-based thickening time reversal” and
“dosage-based thickening time reversal” phenomena in the range of 130—160 °C and 170—180 °C
respectively. At 130—160 °C, the thickening time of oil well cement slurry was mainly associated with the
generation rate of calcium hydroxide (CH) crystal. The introduced silica fume would be attracted to the
cement minerals’ surface that were hydrating to produce CH and agglomerate together to form an
“adsorptive barrier” to hinder further hydration of the inner cement minerals. This “adsorptive barrier”
effect strengthened with the rising temperature which extended the thickening time and caused the
occurrence of the “temperature-based thickening time reversal” phenomenon. At 170—180 °C, the
pozzolanic activity of silica fume significantly enhanced and considerable amount of C—S—H was
generated, thus the “temperature-based thickening time reversal” vanished and the “dosage-based
thickening time reversal” was presented.
© 2024 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
4.0/).

1. Introduction

reactivity, ultra-fine particle size (0.1-1 um) (Qin et al., 2021) and
high specific surface area (18000 m?/kg) (Inan Sezer, 2012) is

Oil well cement (OWC) is a kind of Portland cement specially
used in cementing engineering of oil/gas wells. The application
environment of the OWC is usually harsh because many of the
remaining oil/gas resources are still buried in deep formations with
high temperatures (Guo et al., 2020; Liu et al., 2023). As a kind of
well-known functionalized filler, silica fume (SF, also called
microsilica (Diamond and Sahu, 2006) with high pozzolanic
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widely used in OWC systems (Jupe et al., 2008; Qin et al., 2021) to
improve their performances. In recent years, many literatures have
reported its effects on the hydration process (Lei et al., 2016; Yang
and He, 2021), mechanical strength (Atis et al., 2005; Chakrabortya
and Dutta, 2001; Shannag, 2000), mixing properties (Burroughs
et al, 2019; Qian et al, 2008) and rheological behaviors
(Burroughs et al., 2019; Vikan and Justnes, 2007) of cementitious
composites. In summary, there are three main application values of
SF in the OWC system. Firstly, it is helpful in reducing the bleeding
of free fluid and improving the suspension of the OWC slurry (Li,
2020). Secondly, it is beneficial to improve the fluid loss control
capacity of fluid loss additive by optimizing the particle size dis-
tribution of OWC grains via its micro-filling effect to refine the pore
structure (Qin et al., 2021; Scheinherrova et al., 2017; Zhang et al.,
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2016). Lastly, depending on its “close-packed” effect and pozzolanic
effect (Atis et al., 2005; Chakrabortya and Dutta, 2001; Li et al,,
2023a; Shannag, 2000), it can also enhance the mechanical per-
formances of hardened cement at low temperatures (Cheng et al.,
2018).

To date, the application of SF in the low temperature (<110 °C)
cementing industry is relatively mature based on its stable low-
temperature thickening performance. However, the application
environment of the OWC system is gradually developing towards
high-temperature and high-pressure (HTHP) formation conditions
(>110 °C) (Pernites and Santra, 2016; Qin et al., 2021). This envi-
ronment tends to cause the unfavorable abnormal thickening
phenomena which mainly includes the abnormal gelation and
thickening time reversal (TTR) (Chen et al., 2017; Vuk et al., 2000;
Zhang et al., 2021). The abnormal gelation is reflected by the
occurrence of gelled cement around the stirring shaft which in
cementing field would obstruct the narrow annulus area between
the metal pipe and the well wall, thus increasing the pumping
pressure and even choking the pump in severe cases. The TTR
phenomenon includes two situations. The first one is the “tem-
perature-based TTR” (Jiang et al., 2008; Zhang et al., 2021), which
refers to the condition that the thickening time (TT) of OWC slurry
at higher temperature is longer than that at lower temperature.
Under normal conditions, a higher temperature typically acceler-
ates the cement hydration and shortens the TT. However, this
adverse phenomenon would cause the cement slurry to gradually
set from top to bottom, making the static pressure of the lower
unsetting slurry drop and may further trigger annular gas chan-
neling (Guo et al.,, 2014, 2019a). Moreover, this phenomenon can
also lead to uneven hydration of OWC slurry, thus affecting the
cementing quality. Another one situation is the “dosage-based
TTR”, which means that the TT shortens instead of extends with the
increasing dosage of additives. This phenomenon is not conducive
to the adjustment and regulation of TT. Previous research laid
emphasis on the effects of various retarders on the abnormal
thickening phenomena. Chen et al. (2017) studied the cause of the
abnormal gelation at 120 °C initiated by polycarboxylate retarder,
and showed that unproper molecular chain structure of retarder
would lead to excessive complexation reaction between —COO~,
Ca®* and SiO%~ to form flocs. Sun et al. (2022) reported that the
abnormal gelation caused by tartaric acid at 70 °C was due to the
fact that it induced earlier hydration of C3A and C4AF before the
hydration of other silicate minerals. Guo et al. (2014, 2019a) found
that the addition of tartaric acid could avoid the “temperature-
based TTR” of the OWC containing AMPS-IA binary copolymer
retarder at 75—85 °C which may be because it reduced the hydra-
tion rate difference of C4AF between 75 and 85 °C. In general,
current research about TTR mainly focused on investigating the
impact of retarders and there lacks corresponding studies of other
commonly used admixtures (such as SF) on the effect of thickening
performance of the OWC system so far, which is of practical sig-
nificance in the field application.

The dynamic thickening progression of OWC is closely related to
its hydration rate (Wang et al., 2022b). When the slurry hydrates to
a level that completely loses its fluidity, at this point the slurry
reaches the set time (the set of OWC slurry under dynamic stirring
conditions is so-called thickening). Therefore, we could draw
inspiration from the research on the cement hydration involving SF.
Jupe et al. (2008) reported for the first time that SF could inhibit the
hydration of C3S in class H OWC at 180 °C and delay the early
strength development of the cement, and the reason of this phe-
nomenon was not further analyzed in this paper. Bhattacharya and
Harish (2018) reported that the addition of SF could consume the
Ca(OH), generated from cement hydration at early-curing periods
due to its dilution effect and pozzolanic effect, meanwhile retarded
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the cement early hydration which was more prominent at higher
dosages of SF. It seems contradictory that SF not only promoted the
conversion of CH into C—S—H but also delayed the early hydration
of cement which was similar to our research results, but the cause
for this phenomenon was not expounded in this paper. Lei et al.
(2016) and Mitchell et al. (1998) reported the SF could attract
each other to form the agglomerates which may become a coat to
impede further hydration, and the agglomerates were hard to be
broken down by ordinary mixing (Yajun and Cahyadi, 2003). This
theory is somewhat convincing, and still needs improvement to
explain the discrepant effect of SF on the cement hydration with
changing temperature. Meanwhile, there are also some literatures
reported that SF promoted cement hydration at low temperatures.
Huang and Feldman (1985) and Jeong et al. (2020) found that the SF
could accelerate the ordinary Portland cement (OPC) hydration at
20 and 23 °C, respectively. In summary, current literatures studied
the effect of SF on the hydration reaction of OPC at different tem-
peratures, to date there still lacks systematic study on the hydration
of dynamic thickening progression of OWC at high temperatures.
As a qualified thickening performance is a prerequisite for
ensuring the safe application and directly related to the pumping
security of the OWC slurry (Guo et al., 2019b), this study aimed at
the effect of SF on the dynamic thickening progression of class G
OWC slurry at 110—180 °C from the perspective of analyzing the
instantaneous hydration circumstance at different curing times
using the microstructure characterization techniques (XRD, TG-
DTG and 2°Si-NMR), and the HTHP consistometer was used to
provide the dynamic stirring conditions for OWC slurry curing.

2. Experimental
2.1. Materials

The class G OWC used in this work was purchased from Jiahua
Special Cement Co., Ltd (Sichuan, China) and its production date
was April 2022. Its chemical and mineral composition was deter-
mined by XRF (model S4 Pioneer, Bruker-AXS) and QXRD (model
D8-Focus, Bruker AXS, Germany). The QXRD characterization was
performed at a scan speed of 3°/min using the corundum as an
external standard (Hakamy et al., 2015; Sun et al., 2023b), and then
the Rietveld refinement was performed in the Maud software
(Zhang et al., 2023). Corresponding XRD pattern and compositions
of this OWC are presented in Fig. S1 and Table S1 (see supple-
mentary material, same below), respectively.

Quartz sand (200 mesh), silica fume (SF), retarder (DRH-3L),
fluid loss additive (DRF-3L), dispersant (DRS-1S), stabilizer (DRK-
3S) and defoamer (DRX-1L) were all supplied by CNPC Engineering
Technology R&D Co., Ltd (Beijing, China), the main chemical com-
positions of these additives are listed in Table S2. In addition,
chemical compositions (determined by XRF), XRD patterns and
SEM images of the SFand quartz sand (200 mesh) used in this paper
are respectively shown in Table S3 and Fig. S2.

2.2. Thickening tests of cement slurry

The thickening test process was based on section 9.3 of API
Recommended Practice 10B-2 “Recommended Practice for Testing
Well Cements” (API, 2013) conducted in a HTHP consistometer
(model TG-8040D10, Shenyang Taige Oil Equipment Co., Ltd,
China).

Since the effect of SF on the HTHP thickening performance of
OWC system lacks systematic study so far, this work aimed at
investigating the effect of SF on the thickening performance at a
broad high-temperature range (110—180 °C), in order to provide a
theoretical guidance for the rational application of SF in the



H. Zhang, M.-M. Hu, P-P. Li et al.

Table 1
The composition and dosage of the cement slurry in this work.
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Test temperature, °C

Cement, g Quartz sand (200 mesh), % bwoc, same below SF, % Retarder, % Fluid loss additive, % Dispersant, % Stabilizer, % Water, %

110, 120, 130 500.0 35.0
130—180 (tested at 10 °C interval) 500.0 35.0

0,2,4 1.50 4.5 0.8 0.6 53.0
0,2,4 270 4.5 0.8 0.6 52.0

cementing engineering. The composition of the OWC slurry for all
thickening tests was kept consistent except for three dosages’
change of SF (0%, 2%, 4% bwoc). Two fixed retarder dosages (1.5%
and 2.7% bwoc) were selected to suit for different temperature
range. The detailed formulae of the cement slurry systems
(p = 1.89 + 0.01 g/cm?) in this work are listed in Table 1. For all
thickening experiments, the control variate method was used to
maintain the comparability of these experiments. Except for the
difference in the test temperature, the heating and pressurizing
time were set as 60 min and the final pressure was set as 70 MPa
which were similar to the actual bottomhole conditions.

What should be clarified is that the thickening time test using
the consistometer was a kind of highly reproducible testing method
with very small experimental errors and was usually conducted
only once in most literatures (Guo et al., 2017; Liu et al., 2015; Lu
et al,, 2016; Peng et al., 2020; Sun et al., 2022; Zhang et al., 2021).
To make the above statement more rigorous, an example of three
repeated thickening tests of the OWC slurry was presented in Fig. 1,
and the obtained thickening time were 146.5, 147.0 and 144.5 min,
respectively. It could be seen that the thickening experiments using
the same cement slurry formula had high repeatability (the cor-
responding calculated standard deviation was 1.08 min and the
coefficient of variation was 0.74%), thereby each different thick-
ening experiment was run only once in this paper.

2.3. Analytical methods

In order to study the effect and mechanism of SF on the thick-
ening performance of OWC system at high temperatures, the slurry
samples after curing in the HTHP consistometer for different time
until final thickening were all collected, freeze-dried, ground into
powder and passed through a 200-mesh sieve for next physi-
ochemical analyses.

The XRD (model D8-Focus, Bruker AXS, Germany) tests were
carried out from 5° to 70° at a scan speed of 7°/min for cement
samples. Secondly, the TG analysis (model TG 209F3, NETZSCH-
Geratebau GmbH, Germany) was performed under N, atmosphere
and the sample was heated up from 35 to 600 °C at a rate of 10 °C/
min. Finally, the solid 2°Si NMR (model JNM ECZ600R, JEOL, Japan)
was conducted to analyze the Si environment in the cement sam-
ples and the MestReNova software was used to process the spectra.
The schematic diagram of the experimental method in this work is
shown in Fig. 2.

3. Results and discussion

3.1. Effect of SF on the thickening performance of OWC slurry at
110—180 °C

The thickening test is an experimental method to simulate the
pumping operations of OWC slurry system in laboratory (Wang
et al,, 2022a). It can not only reflect the thickening time (TT), but
also evaluate whether the abnormal phenomena (bulge and high
initial consistency) of cement slurry occurs during the pumping
operations by observing the thickening curves.

3.1.1. Thickening curve

We carried out the thickening experiments of the OWC slurry
with 0%, 2% and 4% bwoc SF at 110—180 °C under proper retarder
dosages and 70 MPa. For clear comparison, the thickening curves of
0% and 4% SF are displayed in Fig. 3, as the curve shapes of 2% SF are
similar to 4% SF and the difference is only the TT. In addition, we
offset-plotted the thickening curves within initial 100 min of each
sample in Fig. 3 ((b), (d), and (f)) on the same Y-axis scale to
distinguish them clearly.

As could be seen, all the thickening curves without SF were

200 A 200 A 100
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180 o 180 A 90 41 —— Pressure
160 - 160 - 80
1404 ¢ 1401 o
x s @
120 { @ 120 { >
2“ g >
() -— <
S 1004 @ 100 1 @
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a o) 3
604 604©
40 - 40 -
20 A 20 ~
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Fig. 1. Three repeated thickening tests of the OWC slurry without SF at 150 °C/70 MPa.
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Fig. 2. Schematic diagram of the experimental method in this work.

relatively smooth and the addition of SF hardly affected the line
shape at 110 and 120 °C. However, the addition of SF incurred the
bulge phenomenon at 130—180 °C when the thickening process
approached to 50—60 min (near the end of heat-up). Within several
minutes during the occurrence of the bulge phenomenon, the
thickening curve presented a sharply increased consistency which
might choke the pump in the field and lead to cementing accident
(Sun et al., 2022), thus we have repeated the thickening experi-
ments containing SF in Fig. 3(c) and (e) and stopped them in
advance (curing 30 min after reaching target temperature) to
observe whether the stirring shaft was wrapped by gelatinous
cement. Different from the common abnormal gelatinous cement
that would stay on the stirring shaft (Chen et al., 2017; Zhang et al.,
2021), we found that the stirring shafts of slurries with 4% SF were
all very clean (no gelatinous cement remaining winding on the
stirring shaft) despite experiencing such large bulges, which was
due to the fact that the introduction of SF caused an unfirm
abnormal gelation followed by the disintegration of this gelatinous
cement. Since the OWC slurry without SF did not present obvious
bulging phenomenon, we could confirm that the SF must be
involved in the bulging reaction, and then the hydration rate of
cement was changed (manifested as the TT was changed). In next
sections, this paper would further analyze the reason of SF
retarding the thickening progression above 130 °C.

3.1.2. Thickening time

Normally, the hydration of OWC slurry accelerates with the in-
crease of temperature and the TT shortens correspondingly, which
is a favorable phenomenon for cementing. Therefore, it is necessary
to study the tendency of TT evolution of “SF-OWC” system at
different temperatures. Fig. 4(a)—(b) shows the effect of SF (0%, 2%,
4% bwoc) on the TT of the cement slurry in the range of 110—180 °C.
From Fig. 4(a) we could see that in the range of 110—130 °C, the TT
was hardly affected (slightly shortened or basically stable) after the
addition of SE. In contrast, from Fig. 4(b) we found that when the
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temperature exceeded 130 °C, only the addition of 2% bwoc SF
significantly prolonged the TT at 140—180 °C. For instances, the TT
of 2% bwoc SF was 225.5 min (96.6%) longer than 0% bwoc SF at
140 °C and 211.5 min (235.3%) longer at 150 °C, and this retarding
effect for 4% bwoc SF was even more severe. The reason why SF has
strong retardation at 140—180 °C was the first issue that would be
studied in this article (in the next section).

Another finding in Fig. 4(b) was that there were two different
tendencies in the temperature range of 130—160 °C and
170—180 °C. For the former, the TT extension degree after intro-
ducing SF gradually increased as the temperature rose from 130 to
160 °C. Specifically, taking 4% bwoc SF as an example, the TT at
140 °C (488.5 min) was 11.5% longer than 130 °C (438 min), 150 °C
(696 min) was 42.5% longer than 140 °C (488.5 min) and 160 °C
(>960 min) was 37.9% longer than 150 °C (696 min). This abnormal
behavior of “temperature-based TTR” endangers cementing oper-
ations (Sun et al., 2023a) (as mentioned in the introduction sec-
tion), thus the introduction of SF into the OWC slurry system should
be avoided when the cementing temperature comprises
130—160 °C. For the latter, “temperature-based TTR” phenomenon
did not occur at 170—180 °C. Instead, the retarding effect of SF
weakened with the increase of its dosage and the “dosage-based
TTR” phenomenon occurred. Specifically speaking, the TT of 4%
bwoc SF at 170 and 180 °C was respectively 29.8% and 53.1% shorter
than 2% bowc SF. Although this phenomenon has no direct harm to
cementing, it is unfavorable for the TT regulation. We need to work
out why SF would exhibit different retarding behaviors in different
temperature ranges of 130—160 °C and 170—180 °C (in the next
section).

3.2. Study of SF initiating “temperature-based TTIR” of the OWC
slurry at 130—150 °C

In order to investigate why SF was able to retard the thickening
progression when temperature exceeded 130 °C and caused
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“temperature-based TTR” at 130—160 °C, the OWC system with 0%/
4% bwoc SF and 2.7% retarder in Fig. 4 was selected to analyze the

reason. Specifically speaking, three temperature points (130, 140
and 150 °C) were analyzed in detail, as the TT of the slurry with 4%
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bwoc SF at 160 °C was too long to thicken beyond 16 h which was
far more than the suitable TT required for the cementing operation.
In addition, since the TT of the OWC slurry with 0% SF at 150 °C was
144.5 min (2.41 h that was close to 2.50 h) and for comparative
study, we additionally had all the slurries with 0% and 4% bwoc SF
respectively cured at 130, 140 and 150 °C/70 MPa in the HTHP
consistometer for 2.5, 4.5 h, etc., until reaching final TT (Repeated
the same thickening experiment and stopped at different curing
times to obtain the cement samples). The post-treatment method
of all the collected cement slurry or thickened cement samples
followed the introduction of section 2.3.

3.2.1. Test and characterization results

3.2.1.1. XRD spectra. The XRD spectra of the cement slurry without
SF curing from 130 to 150 °C and 70 MPa for different times are
presented in Fig. 5. As could be seen, there was no obvious
diffraction peak of calcium hydroxide (CH) in the “130 °C-CT-2.50 h
(0% SF)” curve but it gradually enhanced with the extension of
curing time (CT), and much CH had been accumulated when the
cement slurry reached final thickening. Hence, even though the
quartz sand (200 mesh) was added, its pozzolanic effect was not
quickly enough to significantly inhibit the formation of CH during
the thickening progression of the cement slurry. When the curing
temperature increased to 140 and 150 °C, the appearance time of
the CH diffraction peak was greatly advanced, indicating that rising
temperature led to the acceleration of the CH crystal generation,
meanwhile the TT of the cement slurry was also shortened
accordingly. In conclusion, the TT of OWC slurry was associated
with the generation rate of the CH crystal, the faster production rate
of the CH corresponded to the shorter TT. Moreover, we observed
that a certain amount of a-C,SH crystal was produced after 140 and
150 °C thickening, which was a high-permeability and low-
strength hydration product (Krakowiak et al., 2015; Pernites and
Santra, 2016; Sun et al., 2023b) and this hydration product was
not found in the “130 °C-TT-7.96 h (0% SF)” curve.

Fig. 6 exhibits the XRD spectra of the cement slurry with 4%
bwoc SF curing from 130 to 150 °C for different times. In Fig. 6(a),
the CH peak was absent when curing at 130 °C for 4.50 h but it
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presented within 730 h. Since the 130 °C was a temperature
boundary, such a slight delay of CH formation was not sufficient to
cause a considerable impact on TT of 130 °C. However, as the curing
temperature increased to 140 and 150 °C, the formation time of CH
was more significantly delayed. As could be seen, the cement slurry
would reach final thickening at 3.89 h at 140 °C (0% SF) accompa-
nied by the formation of a large amount of CH. For comparison,
even no CH peak at 18.1° was found after curing at 140 °C for 4.50 h
when 4% SF was added. Likewise, this phenomenon was more
pronounced at 150 °C and even when the slurry was cured for
8.14 h, there was still no CH peak appearing.

According to the phenomena above, we speculated that there
were two possible reasons deferring the thickening progression of
cement slurry: (1) the SF with higher pozzolanic activity than
quartz sand as curing temperature rose from 130 to 150 °C could
retard the generation rate of CH crystal; (2) Previous reports
(Bhattacharya and Harish, 2018; Jupe et al., 2008; Mitchell et al.,
1998) showed that the agglomeration (low dispersity) behavior of
SF in the cement slurry would form a coating on the cement surface
to further retard the early hydration of cement, and this behavior
aggravated with the increase of SF dosage (Bhattacharya and
Harish, 2018). Driven by the pozzolanic reaction, SF in the form of
agglomerates was attracted by Ca®* (came from CH) in alkaline
pore solution (Greenberg, 1956; Lei et al., 2016) and covered the
surface of cement minerals, forming an “adsorptive barrier” to
further inhibit the early hydration of cement. Due to the relatively
slow generation rate of CH within 130 °C, the “adsorptive barrier”
layer was not firm enough to exhibit significant retarding effect. In
contrast, when the temperature increased from 130 to 150 °C, the
cement tended to accelerate the generation of CH (provided Ca®*
faster), which consumed themselves to attract more SF and
strengthen the “adsorptive barrier” effect, making a firmer and
denser blocking layer to retard thickening progression (presented
as the “temperature-based TTR” phenomenon). In addition,
compared with the “130 °C-TT-7.96 h (0% SF)” in Fig. 5(a), the
diffraction peak of a-C,SH crystal was appeared in the “130 °C-TT-
7.30 h (4% SF)” curve in Fig. 6(a), indicating that the addition of SF
promoted the generation of «-C,SH crystal in the thickening
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Fig. 5. XRD spectra of the cement slurry without SF curing from 130 to 150 °C and 70 MPa for different times.
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Fig. 6. XRD spectra of the cement slurry with 4% bwoc SF curing from 130 to 150 °C and 70 MPa for different times.

process of the cement slurry at 130 °C, which was also an unfa-
vorable phenomenon.

3.2.1.2. TG-DTG analyses. To further detect the content evolution of
the CH crystals generated by hydration during the curing process of
cement slurry, we utilized the TG-DTG method (Fig. 7) to quanti-
tatively determine the content of CH in each cement sample based
on the characteristic of CH which gradually decomposed into CaO
and free water when heated to near 400 °C (Hakamy et al., 2015; Liu
et al., 2021) (Eq. (1)).

Mcy
Mn,0

(1)

Mcy = Am

Wherein mcy represents the mass fraction of CH in the sample, wt
%; Am represents the determined mass loss among 380—450 °C, wt
% (Li et al., 2022; Liu et al., 2021; Romano et al., 2019); Mcy and
My, o represent the molar mass of CH and H,0, respectively.
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It should be clarified that the TG curves of thickened cement
samples (solid curves) generally have more weight loss than unset
cement slurry samples (dash curves). This phenomenon might be
owing to the degradation of mineral oil inevitably introduced by
the HTHP consistometer, which could not be removed in the
hardened cement samples. In contrast, part of the mineral oil in the
unset cement slurry samples could float to the surface in the
standing freezing process which could be removed so that their
weight losses were relatively low. We could see that the DTG peak
of CH near 400 °C was highly significant so that the decomposition
of trace mineral oil among 380—450 °C would not cause too much
error for the determination of CH content.

Fig. 8 shows the evolution of the CH content in the cement slurry
during the thickening progression at 130—150 °C. Combining the
TG results with XRD patterns, we can obtain that an observable
diffraction peak at 18.1° requires the content of CH is greater than
2 wt%. When the cement slurries without SF were all cured at
130—150 °C for 2.50 h, the CH content increased with the rise of
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Fig. 7. TG-DTG curves of the cement samples (a) without SF and (b) with 4% bowc SF curing at 130—150 °C and 70 MPa for different times.
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Fig. 8. Evolution of the CH content in the cement samples without/with 4% bowc SF
curing at 130—150 °C and 70 MPa for different times determined by TG method.

temperature, correspondingly the TT presented as an opposite
trend. Instead, as for the cement slurries with 4% bwoc SF cured at
130—150 °C for 4.50 h, the CH content decreased with the rising
temperature. This indicated that the consumption of the generated
CH by SF became more pronounced as the temperature rose.

3.2.1.3. ?°Si NMR spectra. Calcium silicate hydrate (C—S—H) is
another kind of common hydration product of cement which usu-
ally has an amorphous structure (Pang et al., 2022) and thus hard to
be analyzed by XRD patterns. 2°Si NMR is a sensitive method to
determine the microstructure of C—S—H in hydrated cement sam-
ples. Solid 2°Si NMR spectra of cement slurry curing at 130—150 °C
for different times are shown in Fig. 9. It could be seen that the
cement slurry before/at final thickening at 130—150 °C contained a
large amount of unhydrated minerals (C3S, C2S and C4AF). Apart
from a negligible Q' peak was observed at the 150 °C-TT-11.60 h (4%
SF) curve, there were almost only Q° (unhydrated C3S and C,S) and
Q* (Si02) (Kurumisawa et al., 2013; Sharma et al., 2019) peaks
showed in other curves meanwhile all the characteristic peaks of
C—S—H (Q'—Q?) (Le Saout et al., 2006) were absent. This result
indicated that the cement slurry before or at the final thickening
(100 Bc) at 130—150 °C only produced negligible amount of C—S—H
which was not enough to be detected by 2°Si NMR spectra.

As presented in the range of 130—150 °C by the 2°Si NMR
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spectra, the pozzolanic reaction between SF and CH only produced
negligible amount of C—S—H which was too low to exert consid-
erable influence on the thickening progression. Combined with the
XRD and 2°Si NMR test results, we concluded that the generation
rate of the CH crystal was the major role controlling the TT of
130—150 °C. Hence, the macroscopically displayed retarding degree
of the generation of CH by SF enhanced as the temperature rose
from 130 to 150 °C which was responsible for the prolongation of
TT and the occurrence of the “temperature-based TTR”
phenomenon.

3.2.2. Mechanism analyses

Through the research above, we summarized the test conclu-
sions and proposed corresponding analyses from the microscopic
perspective to explain why the introduction of SF would cause the
“temperature-based TTR” in the range of 130—160 °C.

(1) Test conclusions: The thickening process of the OWC slurry
within this temperature range would not generate a signifi-
cant amount of C—S—H, so that the TT was mainly associated
with the generation rate of the CH crystal. As for the cement
slurry without SF, the temperature rise led to the accelera-
tion of the CH crystal generation, and the TT was shortened
accordingly. After the introduction of SF, the macroscopic test
results presented a slow-down of the CH generation rate
above 130 °C and led to an extension of the TT. Such a delay
effect on the CH generation gradually increased with the
temperature rising from 130 to 160 °C, thereby the “tem-
perature-based TTR” phenomenon occurred.

(2) Microscopic analyses: According to the test results above, we
proposed an “adsorptive barrier” theory to explain these
experimental findings, and the schematic diagram of the
interaction mechanism of SF-OWC system at 130—160 °C is
shown in Fig. 10. We inferred that the cement slurry con-
taining SF would still hydrate to produce CH normally as the
same as the cement slurry without SE. The difference lay in
that the generated Ca®>* on the cement mineral surface
would attract SF particles (Lei et al., 2016) (based on the weak
acid role of SF (K; = 10~%8) (Greenberg, 1956; Lei et al., 2016)
in the alkaline environment and immediately consumed
themselves into the pozzolanic reaction, so that the gener-
ation of CH appeared to be “inhibited”. Such a behavior of “SF
particles attracted Ca**” made the SF in the form of ag-
glomerates cover the cement minerals that were hydrating to
produce CH, forming an “adsorptive barrier” to hinder their
further hydration. As the cement slurry tended to accelerate
the generation of CH (providing Ca®* faster) when the

(b) |

——— 130 °C-TT-7.30 h (4% SF)

| @ ——— 140 °C-TT-8.14 h (4% SF)
—— 150 °C-TT-11.60 h (4% SF)

—60 =70 -80 -90 -100 -110

Chemical shift, ppm

Fig. 9. Solid 2°Si NMR spectra of the cement slurry (a) without SF and (b) with 4% bwoc SF curing at 130—150 °C and 70 MPa for different times.
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Fig. 10. Schematic diagram of SF initiating “temperature-based TTR” from 130 to 160 °C.

temperature rose from 130 to 160 °C, the behavior of “SF
particles attracted Ca**” and consumed CH would become
more significant. This process made the adsorptive layer
transform from a “loose adsorptive layer” at 130 °C to a
firmer and denser “adsorptive barrier” above 130 °C to retard
the thickening progression of the inner cement minerals, and
thus resulting in the occurrence of the “temperature-based
TTR” phenomenon.

What is worth pointing out in advance here is that the “tem-
perature-based TTR” phenomenon would disappear when tem-
perature reached above 160 °C. This is because the pozzolanic
activities of SF and quartz sand would all further enhance as the
temperature increased from 160 to 180 °C. As a result, considerable
amount of C—S—H was generated to promote the shortening of the
TT, so that the “temperature-based TTR” phenomenon vanished
(but compared to the cement slurry without SF, the “adsorptive
barrier” effect would still make the TT extend).

3.3. Study of SF initiating “dosage-based TTR” of the OWC slurry at
180 °C

To investigate why SF initiated “dosage-based TTR” when tem-
perature reached 170 °C and above which was different from the
situation of 130—160 °C, the OWC system with 0%/2%/4% bowc SF
and 2.7% bwoc retarder at 180 °C in Fig. 6 was selected to analyze
the reason. The OWC slurries with 0%/2%/4% bwoc SF were sepa-
rately cured at 180 °C/70 MPa for different times until full thick-
ening to collect the cement slurry or thickened cement samples.
These samples were all post-treated in the same method described
in Section 2.3.

3.3.1. Test and characterization results

3.3.1.1. XRD spectra. The XRD spectra of cement samples with
0—4% bwoc SF curing at 180 °C for different times are displayed in
Fig. 11. As was shown, the cement slurry without SF quickly thick-
ened at 180 °C (1.26 h) and produces a large amount of CH and a-
C,SH crystals (”180 °C-TT-1.26 h (0% SF)” curve); On this basis, the
TT of the cement slurry was significantly prolonged after intro-
ducing 2% or 4% SF because of the “adsorptive barrier” effect, but
the “dosage-based TTR” phenomenon was presented which signi-
fied that the TT shortened as the dosage of SF increased. Unlike the
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results of 130—150 °C (Fig. 6 in Section 3.2.1), there were no CH
signals detected in the cement samples containing SF curing at
180 °C even after final thickening. This phenomenon indicated that
the pozzolanic activity and “adsorptive barrier” effect of SF were
further stimulated at 180 °C (the faster the cement slurry tended to
generate CH, the easier the Ca®* tended to attract SF particles to its
surface through consuming themselves into the pozzolanic reac-
tion), finally making the test result presented as the generation of
CH was almost completely consumed. This process created a strong
“adsorptive barrier” to delay the thickening progression and thus
extended the TT compared with the cement slurry without SF.
Furthermore, we could see that the cement slurry containing SF at
180 °C could also finish thickening even if no considerable amount
of CH crystals were generated. Therefore, different from the laws
obtained in the range of 130—150 °C in Section 3.2, the generation
rate of CH crystals at 180 °C was no longer the single factor con-
trolling the TT of cement slurry. We could also notice that the
diffraction peak of a-C,SH in the samples with SF disappeared,
which may be due to SF promoted the transformation of a-C,SH
crystal into amorphous phase at 180 °C.

3.3.1.2. TG-DTG analyses. Fig. 12 shows the TG-DTG curves of the
cement samples with 0—4% bwoc SF after curing for different times
at 180 °C/70 MPa. It could be seen that the black DTG curve of
“180 °C-TT-1.26 h (0% SF)” exhibited a strong CH weight loss peak
near 400 °C (Romano et al., 2019) and its content was calculated to
be 8.079 wt%. In contrast, there was no peak appeared on other
curves at the same position, indicating that the CH content in the
samples containing SF were negligible. This result was consistent
with the XRD test. In addition, since the amount of C—S—H phase
contained in these samples was relatively small (determined by 2°Si
NMR in the next section), the removable bound water was even less
and thus slight DTG peaks in the range of 100—200 °C (Kok, 2013)
were observed.

3.3.1.3. 2%Si NMR spectra. The solid 2°Si NMR spectra of the cement
samples containing 0—4% bwoc SF after curing at 180 °C/70 MPa for
different times are shown in Fig. 13. After the baseline correction of
each curve through spline function, we could quantitatively
calculate the relative content of Q'—Q* structure in each sample
using the area integration method (Li et al., 2023b; Mendes et al.,
2011), Corresponding results are shown in Table 2. An example of
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Fig. 11. XRD spectra of the cement slurry with 0%/2%/4% bwoc SF curing at 180 °C/70 MPa for different times.
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Fig. 12. TG-DTG curves of the cement slurry with 0—4% bowc SF curing at 180 °C/
70 MPa for different times. (Inset: separately arranged and partial enlarged DTG
curves.)

the baseline correction and the integration is presented in
Fig. 13(b), and the processing results of other samples are shown in
Fig. S3. It could be seen that the pozzolanic activity of 200 mesh
quartz sand and SF was all significantly stimulated at 180 °C. At this
point, the TT of the cement slurry was jointly controlled both by the
generation rate of CH and C—S—H. Since the generated C—S—H has
a considerable content, its contribution to thickening could not be
ignored. The cement slurry without SF rapidly thickened at 1.26 h
(accompanied by the Q° content rapidly decreased to 85.49 wt%)
and produced a large amount of CH (8.08 wt%) and C—S—H
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(11.05 wt%). Compared with the absence of SF, the introduction of
SF displayed a simultaneous inhibition of the generation of CH
(presented in XRD spectra) and C—S—H (presented as the decline of
Q° and the generation of Q'—Q? were all slowed down) and pro-
longed the TT. There were two factors need to be considered: (1)
Driven by the pozzolanic reaction, the agglomerated spherical SF or
partially reacted SF would be adsorbed onto the surface of the
cement minerals that were hydrating to produce CH, exerting the
“adsorptive barrier” effect to hinder its further hydration and thus
synchronously inhibit the generation of CH and C—S—H. (2) The
enhanced pozzolanic activity of SF at 180 °C would convert part of
SF particles in the “adsorptive barrier” into C—S—H whose gener-
ation had the effect of shortening the TT. According to the results
from Table 2, we could conclude that the “adsorptive barrier” effect
brought by SF still played a dominant role in prolonging TT
compared with the absence of SF. When comparing different SF
dosages with each other, under the premise of both the existence of
“adsorptive barrier”, the increase of SF dosage from 2% bwoc to 4%
bowc promoted the efficiency of pozzolanic reaction and acceler-
ated the generation of C—S—H since the concentration of SF was
increased, so that the TT was shortened with the increase of SF
dosage and presented the “dosage-based TTR” phenomenon.

3.3.2. Mechanism analyses

In this section, 180 °C was selected to analyze why SF would
cause the “dosage-based TTR” at/above 170 °C. According to the
obtained test results, corresponding mechanism was proposed.

(1) Test conclusions: Different from the thickening laws pre-
sented in the range of 130—160 °C, the pozzolanic activity of
the quartz sand and SF were all significantly stimulated
above 170 °C, and the TT of the cement slurry was jointly
controlled by the generation rate of CH and C—S—H. The
cement slurry without SF finished thickening rapidly along
with the synchronous and massive generation of CH and
C—S—H within a short time. Compared with the cement
slurry without SF, the addition of 2—4% bwoc SF induced a
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Fig. 13. (a) Solid 2°Si NMR spectra of the cement slurry with 0—4% bwoc SF curing at 180 °C/70 MPa for different times. (b) An integration processing example of Q species using

spline as baseline (The processing results of other samples are shown in Fig. S3).

Table 2

Evolution of the Q species content in the cement samples with 0—4% bowc SF curing at 180 °C/70 MPa for different times determined by?°Si NMR.

Cement samples Relative content of Q species, wt%

C—S—H (Q'+Q?) content, wt%

Q° Q' Q Q*
180 °C-TT-1.26 h (0% SF) 85.49 1.11 9.94 3.46 11.05
180 °C-CT-2.50 h (2% SF) 91.82 0.61 4.22 334 4.83
180 °C-CT-4.50 h (2% SF) 91.77 0.61 4.71 291 5.32
180 °C-TT-9.45 h (2% SF) 87.58 0.67 9.09 2.66 9.76
180 °C-CT-2.50 h (4% SF) 91.31 0.90 5.34 2.45 6.24
180 °C-TT-4.43 h (4% SF) 85.86 1.13 10.96 2.04 12.09

complete “inhibition” of the CH generation and a delay of the
C—S—H generation, resulting in a significant extension of the
TT. When comparing different dosages of SF, the increase of
SF dosages accelerated the generation of C—S—H and short-
ened the TT, thus showing the “dosage-based TTR”
phenomenon.

(2) Microscopic analyses: The schematic diagram of the disap-
pearance of “temperature-based TTR” and the occurrence of
“dosage-based TTR” above 160 °C is shown in Fig. 14. As
temperature reached above 160 °C, the pozzolanic reaction
between SF and CH enhanced and this process made many SF
particles convert into C—S—H. Therefore, the composition

Cement mineral

130°C<T<160°C

Q O O o

Cement mineral CH crystal Adsorptive barrier

Ca*

difference of the “adsorptive barrier” between the ranges of
170—180 °C and 130—160 °C lay in that the former consisted
of more partially reacted irregular SF and amorphous C—S—H
than the latter instead of intact SF particles. Although the
composition of the “adsorptive barrier” changed to the
combination of SF and some C—S—H, the existence of
“adsorptive barrier” still played a dominant role in prolong-
ing TT compared with the absence of SF. When comparing
different dosages of SF, the generated CH was completely
consumed and the TT was controlled only by the generation
rate of C—S—H. The increase of SF dosages increased the

Cement mineral

@ 79

Spherical SF

Partially reacted SF

Fig. 14. Schematic diagram of the disappearance of “temperature-based TTR” and the occurrence of “dosage-based TTR” above 160 °C.
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pozzolanic reaction efficiency and accelerated the generation
of C—S—H so that led to the “dosage-based TTR".

As mentioned above, the “adsorptive barrier” effect enhanced
with the increase of the temperature from 130 to 160 °C was the
reason for the “temperature-based TTR”. At 130—160 °C, both the
pozzolanic reaction efficiency of SF and quartz sand were relatively
low, and the effect of C—S—H on the TT was negligible. In contrast,
the pozzolanic activity of the quartz sand and SF would get further
reinforcement above 160 °C, correspondingly the generation rate of
C—S—H increased. Therefore, the accelerated generation of C—S—H
was the reason for the disappearance of the “temperature-based
TTR” above 160 °C.

4. Conclusions and suggestions

In this work, the thickening progression mechanism of SF-OWC
system at 130—180 °C was studied. Conclusions could be drawn as
below:

(1) The introduction of SF into OWC systems generally aggra-
vated the bulging degree of the thickening curves and
extended the TT above 130 °C, which induced the abnormal
phenomena of “temperature-based TTR” between 130 and
160 °C and “dosage-based TTR” between 170 and 180 °C.

(2) In the range of 130—160 °C, the TT of OWC slurry was posi-
tively correlated with the generation rate of CH crystal. The
temperature rise shortened the TT and led to an accelerating
accumulation of CH because of faster hydration as well as its
decreased solubility. After adding SF, it covered the cement
minerals' surface that were hydrating to produce CH driven
by the pozzolanic reaction and its weak acid role, forming an
“adsorptive barrier” to inhibit their further hydration and
extend the TT. The enhanced “adsorptive barrier” effect from
130 to 160 °C was responsible for the “temperature-based
TTR” phenomenon.

(3) In the range of 170—180 °C, the TT of the OWC slurry was
jointly controlled by the generation rate of CH and C—S—H
because the generation rate of C—S—H significantly enhanced
and exerted considerable impact on the thickening pro-
gression. Therefore, the accelerated generation of C—S—H
was the reason for the disappearance of the “temperature-
based TTR” above 160 °C. The OWC slurry without SF rapidly
thickened at 1.26 h and produced a large amount of CH
(8.08 wt%) and C—S—H (11.05 wt%) synchronously. The added
SF could still play a dominant role in extending the TT due to
the “adsorptive barrier” effect, but the TT shortened as SF
dosages increased due to the fact that the pozzolanic reaction
efficiency was promoted and the generation of C—S—H was
accelerated, thereby the “dosage-based TTR” phenomenon
was presented.

Based on the conclusions above, we suggest that the introduc-
tion of SF into the OWC slurry systems should be avoided if the
cementing condition comprises the temperature range of
130—160 °C. Instead, biopolymers (welan gum, diutan gum, etc.)
and clay minerals (diatomite, attapulgite, laponite, bentonite, etc)
are preferred as alternatives of SF to regulate the suspension sta-
bility and the free fluid of OWC systems.
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