Cement and Concrete Composites 154 (2024) 105781

Contents lists available at ScienceDirect

Cement &
Concrete
Composites

Cement and Concrete Composites

FI. SEVIER

journal homepage: www.elsevier.com/locate/cemconcomp

Power ultrasound-assisted enhancement of granulated blast furnace slag
reactivity in cement paste

Pawet Lisowski , Daria Jézwiak-NiedZwiedzka, Magdalena Osial, Kamil Bochenek,
Piotr Denis, Michat A. Glinicki

Institute of Fundamental Technological Research Polish Academy of Sciences, Pawinskiego 5b, 02-106, Warsaw, Poland

ARTICLE INFO ABSTRACT

Keywords:

Power ultrasound treatment
Portland cement

Granulated blast furnace slag
Early strength development
C-S-H/C-A-S-H

Seeding effect

This paper introduces a first-time investigation into the impact of power ultrasound (PUS)-assisted preparation
on the physicochemical and mechanical properties of cement-granulated blast furnace slag (GBFS) composite
pastes. Pastes containing deposited GFBS with varying particle size fractions, partially replacing Portland
cement, were prepared using PUS (ultrasonic horn tip, 20 kHz, 700 W) in pulse mode in a vertical jacketed glass
sonoreactor with closed-circuit cooling. Cement paste incorporating 20 wt.% GBFS as mass substitution with
varying particle size fractions was characterized by several physicochemical techniques at different curing ages.
Exploring the cement and GBFS interaction induced by PUS, the compressive and flexural strength, the elastic
modulus and indentation hardness, the heat of hardening, the mineral composition of hydration products, and
the specific surface area BET were evaluated for a curing time of up to 28 days. The grain size distribution of
GFBS and the reaction mixture’s pH were measured. Both mechanical properties, heat of hydration and nano-
porosity exhibited strong sensitivity to PUS treatment. Sonofragmentation of GBFS particles (especially the
125-250 pm fraction) increased with increasing sonication time, resulting in a relative increase of fraction <63
pm and a decrease of fraction >125 pm by 275 % and 60 %, respectively. Using the obtained SEM-EDS data, a
simplified mechanism is proposed to explain the effects induced by PUS treatment.

1. Introduction concrete technology with such an addition to the concrete mix [4-9]. As

a result, a lot of attention has been devoted to enhancing the early-age

Lately, there has been considerable scientific and environmental
discourse surrounding the concept of utilizing supplementary cementi-
tious materials (SCMs) in place of Portland cement (PC) clinker to
mitigate the consumption of natural resources and reduce CO, emissions
during cement production [1-3]. In particular, a solid industrial
by-product like GBFS has become extensively used either as one of the
main constituents of multicomponent cement or as an active mineral
additive to the concrete mix [3,4]. For GBFS blended cement concrete,
improved physicochemical and durability properties were observed, e.g.
Refs. [5,6]. The diminishing availability and escalating expense of
high-quality GBFS, as well as the slower early hardening that contributes
to areduction in performance at early ages, are some of the drawbacks of

performance of cement-based materials, which may answer the re-
quirements of concrete production for the rapid erection of buildings,
precast product manufacturing, and road repairs.

The strength of cement-GBFS materials cannot generally be reliably
predicted, despite developing multiple indices based on chemical and
physical parameters to predict GBFS reactivity [4]. GBFS glass dissolu-
tion significantly affects the slag hydration process, particularly in the
early stages [10]. An almost impenetrable layer of hydrated calcium and
aluminosilicate deficiency is quickly created on the surface of GBFS
grains by the GBFS reaction with HoO [4,10-13]. In most cases, only the
presence of activators causes the concentration of OH™ ions to rise and
this coating to break down, accelerating the reaction [4,10-13].
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cement; PSD, Particle size distribution; PUS, power ultrasound; SSAggr, Specific surface area BET; SCMs, Supplementary cementitious materials; VH, Vickers
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Efficient grinding can increase the intrinsic activity of GBFS, but finer
grinding mainly improves medium and late strength, with a limited
impact on the early strength that is governed by the lower hydration rate
of GBFS [4,10-14].

Apart from the fineness, various factors elucidated in the literature
[4,10-21] affect slag’s reactivity in cement systems. Slag hydrates more
slowly than cement clinker, with its hydration facilitated by the alkaline
medium provided by accelerated clinker hydration. The amorphous
phase’s chemical composition and pore solution characteristics affect
slag reactivity. Studies indicate that calcium ions inhibit slag dissolu-
tion, while aluminium presence decreases slag reaction rates. Further-
more, the chemical composition of slag, particularly its MgO and Al,O3
contents, affects its reactivity [4,10-22]. Alumina content influences the
formation of different phase assemblages in high-alumina slag cement.
Anionic species like sulfates and calcite play a significant part in the pore
solution because they affect how alumina is mixed with hydrates and
where the hydrates are distributed. The interaction between anionic
species in composite cement is clarified by studies on simplified systems
containing carbonates, calcium hydroxide, and sulphates [14].
Aluminate-bearing hydration products precipitate more quickly with
sulphates than with carbonates, which only moderately accelerate slag
dissolution. The microstructure and elemental hydration product anal-
ysis reveal insights into the factors controlling slag reactivity, indicating
that a combination of macro-capillary pore space and anionic species
influence slag hydration in ternary cements.

PUS treatment has demonstrated interesting potential for enhancing
dispersion in cementitious systems and influencing cement-based ma-
terials’ characteristics [23-32,36,37]. Previous publications revealed
beneficial effects of PUS on the dispersion of densified silica fume and
natural pozzolans in cementitious systems (disaggregation and disper-
sion of particle clusters), observed to lead to better pozzolanic activity
[25-27]. Ehsani et al. [33] described the beneficial impacts of PUS on
the fc and f; of hardened Portland cement mortar: after 91 days of
hardening the strength increased by as much as 7 % and 11 %, respec-
tively. Stronger sonication effects on the concrete’s early strength
development [34] could be achieved by adjusting the sonication pa-
rameters (amplitude and energy). The PUS-induced degassing effect
resulted in the removal of the entrapped air voids in cement suspensions
and hardened cement pastes, thus improving the resulting mechanical
properties [19,28]. Tricalcium silicate paste hydration was shown to be
significantly impacted by PUS treatment [35], which caused heteroge-
neous C-S-H nucleation and CH right after sonication. Xiong et al. [39]
revealed that early and late-age fc of cement paste improved by 26 % at
1 d and 18 % at 28 d. The C-S-H gel’s mean chain length increased with
increasing ultrasonic power, and PUS-assisted mixing resulted in refined
capillary and gel pores. A pore solution composition study [29] revealed
higher concentrations of Al on ultrasonic processing, suggesting that the
higher availability of Al during hydration may lead to the formation of
C-S-H with higher Al. However, some contradicting results were re-
ported for moderate (0.5) and elevated (0.8) w/c ratios [29]. Inexpli-
cable differences in the PUS influence on the composition of cement
hydration products (portlandite content, degree of hydration) are found.
Some differences could be associated with the sonication technique,
particularly the unknown effectiveness of the cooling circuit, possibly
resulting in substantially elevated temperatures of sonicated mixtures
and predominantly thermal effects.

The published studies failed to identify the PUS effects on the hy-
dration of SCMs, and GBFS activity under PUS treatment was not re-
ported in the literature. Deposited and coarse GBFS was not specifically
studied. Remus et al. [40] reported preliminary results of PUS-assisted
preparation of blended cements containing GBFS (20 % CEM I + 80 %
CEM II/B-S), claiming a carbon emission reduction of 30 %, preserving
the early strength. In this case, ground GFBS served as a component of
CEM II/B-S cement (21-35 % by weight according to EN 197-1 stan-
dard), and the acceleration effects were obtained from the pre-hydrated
cement suspension’s seeding effect. Not only does the effectiveness of
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PUS on GBFS-cement systems call for further investigation, but also the
soundness of test conditions to diminish data discrepancies needs to be
addressed.

The novelty of this study in comparison to previous studies on PUS in
cement systems comprises the improved sonication technique with an
efficient cooling system to control the mixture temperatures which al-
lows for advancement in the recognition of PUS effects on the hydration
and strength development of cement systems with granulated blast-
furnace slag. The sonication technique was optimized to increase the
efficiency of the sonofragmentation of GBFS particles. GFBS activity in
cement systems under PUS treatment has not been previously reported
in the literature.

The objective of this study is to reveal the influence of PUS treatment
on the physicochemical and mechanical characteristics of cement-GBFS
paste while using deposited and fractionated granulated blast-furnace
slag. The selection of GFBS for the current study was influenced both
by desired environmental benefits and the potential of PUS recognized
within the area of chemical engineering. As known from numerous
studies, PUS is effective in managing the rapid crystallization processes
and generating a rapid nucleation rate (“sonocrystallization™) [38,39] as
well as particle size refinement (“sonofragmentation”) [39,40]. Our
working hypothesis is then derived that PUS treatment might exert a
beneficial influence on rather coarse (non-finely ground) slag particles
to improve their activity in cementitious systems. To achieve the
reproducible and thermally controlled test conditions, a dedicated jac-
keted sonoreactor was applied with the cooling water circulation control
by an ultrathermostat.

2. Experimental
2.1. Materials

Table 1 shows the chemical composition of PC (CEM I 42.5R) and
GBFS. The main clinker minerals in cement have an estimated content of
66.5 % C3S, 6.2 % C5S, 7.9 % C3A, and 8.6 % C4AF according to Bogue
equations [41,42]. The glass phase content in GBFS (XRF analysis) is
89.8 % and 89.7 % for the fraction <63 pm and the fraction 125-250
pm, respectively. It exceeds a common requirement for a main constit-
uent of blended cement according to European standards EN
15167-1:2006 (minimum glass phase content by mass not less than 67
%). The hydration modulus HM=(CaO + MgO + Al;03)/SiO; and ba-
sicity coefficient Kb=(CaO + Mg0)/(SiO2+Al203) of GBFS were found
to be 1.6 and 1.1, respectively. GBFS originated from a deposit at a steel
plant, and its bound water content was 1.2 %.

2.2. Specimen preparation procedure

The reference mixture of ordinary PC paste (denoted C) was prepared

Table 1
Chemical composition (%) of PC (CEM I 42.5 R) and GBFS determined by XRF
analysis.

Compound CEMI142.5R GBFS
SiO, 19.542 37.568
Aly03 4.754 8.805
Fe,03 2.830 0.350
CaO 61.736 42.071
MgO 3.206 7.925
SO3 3.137 1.355
K0 0.900 0.476
NayO 0.161 0.507
P,0s 0.120 0.007
TiO, 0.233 0.325
Mny03 0.170 0.582
LOI 3.080 0.030
Total 100 100
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at a 0.50 w/c ratio. Cement pastes with 20 wt.% of cement replaced by
GBFS (denoted C + S) with different particle sizes (<63 pm, 63-125 pm,
and 125-250 pm) were prepared at the same w/c ratio (see Appendix,
Table A1). Paste mixtures were mixed using a mortar mixer according to
PN-EN 196-1. At identical proportions of constituents, the pastes were
also prepared using PUS-assisted mixing at different PUS exposure times
(from 5 to 15 min.) with a continuous ultrasonic pulse mode (5s ON
pulse time and 5s OFF - relaxation pulse time) to prevent overheating.
Fig. 1 shows a PUS-assisted mixing system. Fig. 2 provides an example of
the specific coding of different paste mixes.

Ultrasonic treatment of an aqueous reaction mixture was performed
with a commercial vertical-type sonicator (QSonica 700, 20 kHz, 700 W,
Newtown, USA). A vertical jacketed glass sonoreactor (diameter of
130.0 mm) was used for the preparation. The cooling water flow from an
ultrathermostat was circulated through the sonoreactor jacket to reduce
the temperature during PUS (measured by a thermocouple) and prevent
overheating of the aqueous reaction mixture from unacceptable tem-
peratures around 50 °C to ambient temperature (~23 °C) during spec-
imen preparation and kept constant to avoid water evaporation (see
Appendix, Table A2). The ultrasonic horn tip (diameter of 25.4 mm) was
centrally located in sonoreactor and remained constant throughout each
preparation. The sonication parameters were established experimentally
during a preliminary investigation (see Appendix, Table A3, and
Table A4).

Prepared fresh CP was molded into horizontal prismatic molds (25 x
25 x 140 mm) at room temperature, compacted using a vibrating table,
and kept under tight cover for 24 h at the laboratory at 20-23 °C and an
RH of 60-70 %, then de-molded and cured in the H;0 at 20-23 °C for 2,
7, and 28 d, or until testing.

2.3. Methods of characterization

2.3.1. Isothermal calorimetry method

A multichannel isothermal calorimeter (Calmetrix I-Cal 2000 HPC)
was used to determine the progress of the prepared specimens’ hydra-
tion. The thermostatic chamber was equilibrated for at least 12 h to
reach a stable temperature of 23 °C before the isothermal test began, and
the release of hydration heat was recorded continuously until 168 h.

2.3.2. The substitute initial (IS) and final setting (FS) time

The IS and FS of the reference mixture of CP and CP with 20 wt.% of
cement replaced by GBFS with different particle sizes were attempted
using a standard Vicat’s apparatus. The elevated w/c ratio (0.5), which
is also the initial w/c ratio required to obtain an aqueous reaction
mixture and perform PUS, hindered the achievement of reproducible

||

PUS
generator

PUS
horn

Temperature
probe

Reaction mixture

J ’_L Cooling water
outlet

Ultrathermostat

Jacketed glass
sonoreactor

«

Cooling water
inlet

Fig. 1. System for the preparation of specimens.
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Cement Paste GBFS

C + S(F125) 10 min.

Time of PUS:
5 - 15 min.

Fraction of GBFS:
<63 pm => F<63
63-125 um =>F63
125-250 pum =>F125

Fig. 2. Code for cement paste mixtures.

and reliable IS and FS times. The Vicat apparatus is well designed for
cement paste of normal consistency (w/c ratio ~ 0.3), and is therefore
not so well suited for high w/c ratios, according to Ref. [43]. Lowering
the w/c ratio below 0.5 during PUS may cause the ultrasonic converter
to overheat, resulting in the pitting of the PUS probe tip, which could
lead to cross-contamination, damage, or wear beyond its useable life. In
this case, the substitute IS and FS times were determined by taking the
first derivative of the function of the rate of heat generation in time
during the isothermal calorimetry test. The detailed procedure is
described in Ref. [44] which is based on [45].

2.3.3. Laser granulometric analysis (LG)

The Malvern Mastersizer 3000 particle size analyser, coupled with
the HydroMV2000, was used to define particle size distribution (PSD).
Each test involved 500 mg of prepared materials. Isopropanol was used
as the dispersion medium.

2.3.4. The reaction mixture’s pH
The reaction mixture’s pH was checked initially and after PUS
treatment by a SevenExcellence Mettler Toledo pH Meter.

2.3.5. Depth-sensing microindentation method

Prior to microindentation testing, the prepared specimens (25 x 25
x 140 mm) were sliced into smaller halves (10 x 25 x 40 mm). The
specimens’ surfaces were carefully polished with abrasive papers to
achieve a very smooth and flat surface, similar to those used for
microscopic investigation. The debris and dust left on the specimens’
surfaces were removed with compressed air. To avoid excessive
expansive stresses and microcrack formation, specimens were not sub-
jected to severe thermal differentials. Details concerning the apparatus
and the experimental setting have been provided elsewhere [46]. For
each specimen, the microindentation mapping results are the average of
at least 15 measurements.

2.3.6. Scanning electron microscope (SEM) equipped with an X-ray energy
dispersion (EDS)

The specimens for SEM-EDS analysis were sliced into smaller halves
(10 x 25 x 40 mm), dried (40 °C for 3 days for a constant weight),
vacuum-impregnated with a low-viscosity epoxy resin, ground on dia-
mond discs, then polished with diamond pastes on polishing pads.
Following surface preparation, the specimens were dried for 3 d at 40 °C
for constant weight, then coated with a carbon layer, and a strip of
conductive tape was attached to them to enhance their conduction
qualities. Each of the specimens was examined using a JEOL JSM-
6460LV microscope with an EDS detector. The working distance and
acceleration voltage of the SEM analysis were 10 mm and 20 kV,
respectively.

2.3.7. The compressive (f.)/flexural strength (f,) and hydration stoppage
procedure

The f. and f, were determined on three prismatic specimens (25 x 25
x 140 mm) after 2, 7, and 28 d using the Automax Controls Pro Auto-
matic model 50-C46Z00 (Italy). After the f; test, half of the prismatic
specimens were used for the f. determination, and immediately after, the
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representative crushed pieces of each specimen after 28 d were sub-
jected to a strict procedure to stop further hydration, as recommended
by RILEM [47]. Briefly, crushed pieces passed through a 1.00 mm sieve
and then were immersed in an appropriate quantity and time of anhy-
drous isopropanol (purity >99.9 %) and anhydrous diethyl ether (purity
>99.8 %). After rinsing and drying each sample in an oven with venti-
lation at 40 °C for 8 min, the dried specimens were put inside airtight
plastic bags and enclosed in a desiccator with a low vacuum (~10 mbar)
over silica gel (maximally protected from the hydration process) until
further examination (XRD, TGA, FTIR, BET).

2.3.8. The compressive (f.)/flexural strength (f;) of mortar specimens

Cement mortars were prepared according to the European standard
EN 196-1 with and without sonication treatment using standard sili-
ceous sand, and the proportions are presented in Table A5 (see Appen-
dix). The preparation of mortars marked with (US) was modified: the
cement paste with GBFS was sonicated and then mixed with CEN sand
according to EN 196-1 after sonication. In addition, the consistency of
freshly mixed mortars was determined using EN 1015-3. The flexural
and compressive strength of mortar was determined using standard
specimens 40 x 40 x 160 mm after 2, 7, and 28 days of moist curing at
20 °C.

2.3.9. X-ray diffraction (XRD)

For X-ray diffraction (XRD) scans, a Bruker D8 Discover diffrac-
tometer was used with a Cu lamp source as a source (A = 1.5418 A), 40
kV voltage, and 40 mA current. Coupled theta/2theta geometry was
used, 1 mm linear slit, with 1600W nominal operating power. Soller slits
were used for both primary and secondary beam sides to increase res-
olution and reduce divergence of the beam. The measurement step size
was 0,02°, with 1s counting time per step. Diffraction patterns were
collected in a 26 range from 10° to 70° with a 0,02° step, 1s counting
time, using coupled 6-20 geometry. Data evaluation was performed
using Diffrac EVA 5.2 software, with the 2018 COD database embedded.

2.3.10. Thermogravimetric analysis (TGA)

The samples’ thermogravimetric analysis (TGA) (minimum sample
weight: 50 mg of the powder-like sample) was performed using a Per-
kinElmer TGA 8000 analyzer (Shelton, USA). It was measured from
35°C to 1000 °C in an N5 flow with a balance purge flow of 40 mL min !
and a heating rate of 20 °C min~!. The recommended boundary condi-
tions (e.g., amount of samples, heating rate, No flow rate) for conducting
TGA analysis were used from Ref. [48].

2.3.11. Fourier transform infrared spectroscopy (FTIR)

FTIR measurements were carried out using Bruker Vertex70 equip-
ment in ATR mode (Bruker Platinum Diamond ATR stage, 8 scans
averaged with 2 cm e ! resolution). Background scans were done before
sample scans to as accurately as possible compensate for humidity and
carbon-dioxide in-air content changes and subtracted automatically. In
one sequence, all scans were done in ambient conditions of approxi-
mately 25 °C and 40 % relative humidity.

2.3.12. BET method

The SSAppr of the prepared specimens was performed using a
Quantachrome Autosorb IQ analyser (N5 adsorptive gas analysis) with a
view to the Brunauer-Emmett-Teller (BET) method with the BJH model.
To eliminate any moisture or other volatile contaminants, the process
consisted of adding around 0.2 g and degassing for 16 h at 378.2 K under
vacuum. Following degassing, BET measurements were carried out
while the tubes were immersed in a liquid nitrogen bath at 77.3 K.
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3. Test results
3.1. Compressive and flexural strength

Fig. 3a, 3b, and 3c (cement-GBFS paste specimens with variable slag
particle sizes) show relationships between f. and f; and the impact of
PUS treatment on cement and cement-slag pastes at different curing
ages. After 2 d, the PC paste under 10 min. of PUS (C_10 min.)
demonstrated the highest value of f. and f; among all cement-GBFS paste
specimens under investigation.

After sonication treatment, the early compressive and flexural
strengths of the cement-GBFS paste containing slag particles of 125-250
pm (C + S(F125)_10 min.) were quite similar to the reference paste.
Without PUS, the early strengths of reference paste were relatively
higher, approximately by 131.5 % and 58.1 % for the compressive and
flexural strengths, respectively. In comparison to the cement-GBFS paste
specimen with slag particles of <63 pm prepared without PUS, the early
f. was increased by 96.1 %, and the f; was increased by 95.2 % due to 10
min. PUS treatment.

After 28 d, the f. and f; of C + S(F125)_10 min. considerably
increased among all tested specimens (54.5 % and 50.7 % greater than C
+ S(F125) prepared without PUS). At the same age of curing, prepared
specimens with PUS had higher f. and f; than prepared specimens
without PUS, indicating that PUS treatment can be used as an effective
strengthening method to improve the strength of reduced-clinker
cement paste specimens.

The strength of mortar specimens determined at 2, 7, and 28 days of
hardening is given in Table A5 (see Appendix). The early age strength
development of mortar in time is illustrated in the Appendix in Fig. A1.
This relative strength is determined in relation to the 28-day compres-
sive strength prepared without PUS. Slump flow results for mortar
mixtures are shown in Table A4 (see Appendix).

3.2. Depth-sensing microindentation

The prepared specimens’ elastic modulus, as well as the indentation
hardness, were examined using the multiple depth-sensing micro-
indentation technique, and the results are shown in Fig. 4. A strong
reduction of Vickers hardness (VH) and elastic modulus (EM) is seen due
to partial replacement of cement by GBFS, by about 50 % and 65 %,
respectively. As a result of PUS treatment, the average values of VH and
EM for Portland cement paste were slightly increased (by 4-5%), but the
increase was insignificant considering the data scatter. However, the
effects of PUS on slag blended pastes were much stronger - it resulted in
a relative rise of VH and EM by about 106 % and 72 %, respectively.
After sonication treatment, the hardness and elastic modulus of cement-
GBFS paste were in the range of 73-88 % of the respective average
values for the reference paste. The relative effects of sonication treat-
ment are quite similar to its effects on the strength (f; and f;).

3.3. Hydration heat

The kinetics of heat evolution during isothermal hardening of
cement pastes is shown in Fig. 5. Pastes prepared with PUS treatment
(Fig. 5b) exhibited an elevated first exothermic peak (during the pre-
induction period [19,49-54]) probably because of extended equilibra-
tion time, therefore, the initial 60 min. hardening period is excluded
from the analysis. The peak of heat emission rate is observed after
116.5-135.5 min. after the start of measurements. Effects of cement
dilution by GFBS are reflected by some reduction of heat emission rate
and flattening of the main hydration rate peak, followed by some
extension of the deceleration phase. The cumulative emitted heat curves
(Fig. 5) demonstrate at each hardening stage a reduced total heat
generated by GFBS-containing paste in comparison to the reference
paste. This observation is relevant to specimens prepared without PUS
treatment and similarly reflects the effect of cement dilution by GFBS.
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Fig. 5. Heat evolution during hydration of C + S pastes prepared conventionally (a) and with the use of PUS treatment (b).

Due to PUS treatment, the heat emission rate is increased, and the
maximum heat rate is observed for the hardening time of 115.0-121.5
min. The shape of the heat rate curve becomes quite close for paste
irrespective of its composition, counteracting the previously mentioned
cement dilution effect. The total heat emitted during paste hardening
(Table 2) is relatively increased due to PUS treatment by a factor within
the range of 1.07-1.34. The highest relative increase is observed for the
first 24-hour period.

For a clear demonstration of observed PUS effects, the cumulative
heat data were normalized with respect to the total heat emitted during
168 h by reference cement paste. Such relative heat development data is
shown in Fig. 6 — the differences between the blue and red lines
demonstrate the effects of power ultrasound treatment. The parameters
of the best-fit curves displayed as dotted lines are found to be the same
for sonicated pastes C and C + S(F125).

The substitute initial and final setting times estimated using the heat
rate curves are shown in Fig. 7. The effect of PUS treatment is consistent
—arelative reduction of IS and FS is observed, by 22-24 % and by 24-39
%, respectively.

Comparing the calorimetric curves for cement pastes containing
GBFS with different sizes prepared under the influence of PUS, it can be
stated that the hydration kinetics slow down generally when the size of
GBFS is < 63 pm, which may be connected with the sonofragmentation
of GBFS particles. Sonofragmentation of GBFS (<63 pm) can generally
be linked to the incapacity of the GBFS particles to retain the mixing
water as they gravitationally descend downhill. On the other hand,
during PUS treatment, partial stiffening of CP in the high-energy cavi-
tation zone or on the surface of the sonoreactor wall, as well as local
sedimentation of GBFS particles, can occur rapidly due to the mechan-
ical impacts of acoustic cavitation bubbles. This indicates that during the
pre-induction period, the GBFS (<63 pm fraction) sonofragmentation is

Table 2
Heat development during paste hardening.

Cement paste composition and PUS Heat generated (J g~1)

treatment

24 h 48 h 168 h

C 178.8 + 257.0 £ 335.0 £
1.2 1.3 2.5

C_10 min. 218.0 + 281.8 + 359.7 +
1.6 1.5 3.1

C + S(F < 63) 164.5 + 246.8 + 324.7 £
1.4 1.6 3.0

C + S(F < 63)_10 min. 208.8 + 272.5 + 350.1 +
1.9 1.8 3.3

C + S(F125) 163.0 + 247.8 + 325.7 +
1.5 1.6 3.1

C + S(F125)_10 min. 218.6 + 287.1 £ 364.9 +
1.8 1.7 3.2

small and largely unaffected by filler effects. Additionally, the mixture
exhibits very little overall exothermic activity, which makes rearranging
and reorganizing the GBFS particles challenging. The preceding findings
showed that the PUS may improve cumulative heat released and
assessment of IS/FS and the reactivity of prepared specimens with
various SSAggr (Table 5), which may cause an increment in the pre-
induction period’s rate (especially for 125-250 pm of GBFS particle
size fractions).

3.4. Thermal analysis

The content of the hydration products of prepared specimens was
semi-quantified using TGA analysis. The TG/DTG curves (Fig. 8) reveal
three major mass loss stages during the heating process of prepared
paste specimens. The first stage, from ambient to 260 °C, refers to the
dehydration of C-S-H and ettringite, as well as the evaporation of HoO
[55-57]. The range’s second stage of 430-550 °C is associated with
de-hydroxylation of CH [55-58]. The range’s third stage of 550-1000 °C
arose from the de-carbonation of CaCO3 [55-57].

For the quantitative evaluation of the content of hydration products,
the following formulas were applied to DTG and TG data. formula (1)
was used to express the amount of CH as a percentage of the dry spec-
imen weight at 550 °C [55-58]:

Mcy *ﬁ

CH (Wt.%) = *100 )}

Mmsso
The CH peak corresponds to the weight differential (mcy) as calcu-
lated by the tangential method [55-58]. Using a 74/18 fraction, the
CH-bound water was converted into CH mass. The relative reduction of
CH content due to PUS treatment was determined using the modified
formula (2) proposed by Rodriguez et al. [59]:

CH - CHPUS> 100

CH 2

Reduction of the content of CH= (

The CH content is found to be reduced by PUS treatment (Table 3).
The highest reduction in CH content (29.4 %) was found concerning C +
S(F125)_10 min., which can be linked to the creation of C-S-H/C-A-S-H
seed via pozzolanic interactions between GBFS and Ca(OH),. Moreover,
the area of deconvolution attributed to the C-S-H/ettringite phases for
the PUS-treated Portland cement paste is smaller than the corresponding
area for the paste prepared without PUS. This could result from a
possible enhancement of the dissolution rate of the aluminate phase in
the OPC clinker, as suggested previously in Ref. [29].

In general, SiO5 and Al,O3 will react with CH crystals and produce C-
S-H nucleation seeds due to the pozzolanic activity of GBFS; hence, the
amount of CH in the hardened pastes decreases when GBFS is present
[22,60-62]. Consequently, reduced CH content implies that more GBFS
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Fig. 6. The relative emitted heat during paste hardening for cement paste without and with PUS treatment of: a) reference cement paste, b) cement paste with GFBS
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Fig. 7. Substitute IS and FS time for specimens of C + S pastes prepared
conventionally and with the use of PUS treatment.

Table 3
CH content of cement pastes after 28 d.

Composition and PUS treatment Reduction of CH content [%]

C 11.5
C_10 min.

C + S(F < 63) 24.3
C + S(F < 63)_10 min.

C + S(F125) 29.4

C + S(F125)_10 min.

Table 4
Relative PSD of slag fraction (F125) after PUS treatment.
PUS Relative mass content (%) LG mode (pm) Span
treat t -
catmen <63 63125 =125 Do Dsy  Deg
pm pm Hm
S(F125) 100 100 100 91.3 205.0 352.0 1.26
_none
S(F125)_5 87.9 218.9 80.7 76.2 164.0 322.0 1.50
min.
S(F125) 2749 245.4 60.1 23.0 126.0 233.0 1.67
_10 min.
S(F125) 689.2 340.4 3.2 6.44 61.1 110.0 1.69
_15 min.

Table 5
SSAggt for paste-slag specimens.

CP composition and treatment Sger (m* g™ 1)

C 6.8

C_10 min. 20.1
C + S(F < 63) 14.3
C + S(F < 63)_10 min. 19.5
C + S(F125) 14.0
C + S(F125)_10 min. 29.6

was reacted in the cement matrix under PUS, showing improved
pozzolanic reactivity of GBFS. A reduced CH content could also be
associated with the formation of C-S-H richer in CaO due to PUS treat-
ment, in more porous materials, the ingress of CO; is faster, so the
conversion of Ca(OH); into CaCO3 could be faster. Similarly, Jiang et al.
[50] noticed that the CH’s peak intensity in the prepared specimens
decreased significantly with an increase in GBFS. That’s because the CH
formed from clinker hydration was partially entangled in GBFS’s
pozzolanic reaction. Thus, the larger the GBFS content, the greater the
CH consumption. It shows that a certain amount of GBFS participated in
the pozzolanic reaction, leading to the reduction of CH and the creation
of C-S-H.

3.5. XRD analysis

XRD analysis is an effective method for examining the phase
composition of prepared specimens; however, in this study, it was used
qualitatively. XRD patterns compiled in Fig. 9 pointed out the clear
presence of a characteristic CH [50,55,56,63] ettringite [50,55,56,63],
and C-S-H/C-A-S-H phase [50,55,56,63] in prepared specimens. More-
over, all prepared specimens presented almost identical XRD patterns,
differing only in the intensity of the CH and C-S-H/C-A-S-H diffraction
lines. Surprisingly, for the best-performing specimen ((C + S(F125)_10
min. — purple line) compared to the same specimen but prepared
without PUS (blue line), there is an increase in intensity for
C-S-H/C-A-S-H phase (diffraction peak at ~29.5°) and a decrease in
intensity for CH (diffraction peaks at ~18° and ~34°), which may be
linked to sonocrystalization of C-S-H/C-A-S-H seeds via pozzolanic in-
teractions between GBFS and Ca(OH),. Additionally, some overlapping
of the diffraction peaks of the alite and belite can be observed in the 20
= 31.5°-33° range, indicating the development of C-S-H phases as alite
and belite hydrate. This suggests that the short-term strength develop-
ment of prepared CP specimens is caused by the alite phase’s early hy-
dration, whereas the belite phase contributes to the progressive
enhancement of the long-term strength development.
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3.6. Laser granulometric analysis (LG)

Laser granulometric (LG) particle size analysis was utilized to eval-
uate the particle size distribution (PSD) of the best-performing fraction
of GBFS (125-250 pm) and check the influence of PUS on sono-
fragmentation (Fig. 10), which can reduce particle aggregation and
enhance particle size refinement and tailoring shape. The duration of the
PUS operation (from 5 to 15 min) influences the PSD (Table 4); it is
reflected by an increase in Dsg, an increase in the fine fraction, and a
reduction in the coarse fraction of GFBS. The particle size changes after
15 min. PUS treatment would be explained by the particle re-
agglomerating after de-agglomerating, especially at higher sonication
power (100 % of amplitude), leading to partial connection of the GBFS
particles because the ultrasonic cavitation causes large shockwaves and
shear forces. PSD results provided proof of the detrimental impact of
extended PUS treatment on the aggregation of mortar and cement pastes
in the aqueous medium [33].

The specimens’ span (Table 4), which is the width of the PSD mode
based on 10, 50, and 90 % vol%, was computed using the following
formula (3):

Dgy — D19

3
Doy 3

Span =

The span factor suggests the overall idea of distribution width (uni-
formity) and the effectiveness of sonofragmentation of particle size,

6=
54 -«—S(F125)_none
4 S(F125)_5 min.

125)_10 min.
S(F125)_15 min. —»

T T
1 10 100
Particle diameter (um)

Fig. 10. Laser granulometric particle size analysis of fractionated slag S(F125)
subjected to PUS treatment.

independent of the median size. A normal (Gaussian) distribution typi-
cally spans the range from 1 to 2. The results confirmed that the highest
span value was obtained for C + S (F125)_10 min. among all the samples,
which may indicate that 10 min. of PUS treatment is effective for
sonofragmentation.

3.7. BET surface area analysis

Using the BET analysis, it is possible to ascertain how the PUS
treatment may have affected the pore structure of the prepared speci-
mens. Ny adsorption-desorption isotherms for cement-slag paste C + S
(F125) after 28 d are shown in Fig. 11a. According to the IUPAC clas-
sification [64], adsorption-desorption isotherms are of type IV/V, which
is a feature of mesoporous material structure. Gas adsorption methods,
such as nitrogen adsorption-desorption with the BET model, can be used
to explore the SSAggr of cement-slag pastes (Table 5). The BJH model,
among the indirect experimental methods [65], may be used for pore
structure characteristics that correspond to the C-S-H interlayer spaces,
the coexistence of adsorbed water phases, and small capillary pores
[66].

Fig. 11a demonstrates that the adsorption/desorption amount of Ny
increases with relative pressure, and PUS treatment results in a larger
adsorption amount of N3. Due to PUS treatment, a major increase in Ny
accessible SSAgrt was found: more than 100 % for C and (C + S(F125),
while only 36 % for a small fraction of GFBS (Table 5). The higher
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Fig. 11. N, adsorption-desorption isotherms (a), and PSD (b, c) for specimen C + S(F125) prepared under the influence of PUS and without PUS after 28 d.

SSAggr of the paste might be assigned to the ability of PUS treatment to
produce some cracks and increase the mesoporous structure of slag and
cement particles. It can also result in the formation of more surface
active sites and reaction centers for sonocrystallization, as well as the
creation of C-S-H/C-A-S-H nucleation seeds, which is valuable for
enhancing physicochemical and mechanical performance.

According to Jiang et al. [67], the hysteresis between the sorption
isotherms may be clarified by the collapse and resaturation of C-S-H
interlayer seeds. Jiang et al. [50] observed that the structure of C-S-H,
which was generated from cement and GBFS hydration, can modify pore
structures. Fernandez [51] presented comparable adsorption-desorption
isotherms, which were referred to as Type H3 (slit-shaped pore struc-
ture) isotherms, which may indicate the structure of C-S-H. The hys-
teresis’s size and shape show a continuous distribution of pores that
grew during hydration. The increase in C-S-H content caused by hy-
dration evolution may increase SSAggr. According to John et al. [68],
C-S-H nucleation seeding during PUS treatment provides an exceptional
opportunity for tailoring the size as well as further product control in
seeded pastes. Ehsani et al. [33] discovered that PUS treatment does not
influence the finer size fraction in aqueous suspension, implying that
PUS treatment may be ineffective in disaggregating particles, especially
those with a finer size, even after prolonged sonication times.

Figs. 11b and 11c display the PSD of a C + S(F125) paste specimen
prepared under the influence of PUS and without PUS after 28 d,
determined using the BJH model. A higher volume of small micropores
(2-10 nm) was found in the PUS-treated paste in comparison to the
reference paste. A shock wave caused by cavitation implosion may
expand the aperture of the original pore (e.g., dilate or connect pores
and microfractures), changing the crack network and establishing a new

equilibrium state according to adsorption-desorption kinetics. The
observed PUS-induced micropore refinement could be linked to C-S-H
interlayer spaces. Slag may refine nanopores, as Huang et al. [69] found
by raising the volume of both small and large gel pores with
interlayer-sized necks. Gel pores with a diameter of less than 10 nm can
influence packing density and diversify mechanical properties. A
decreased gel porosity is intended to result in improved mechanical
properties, such as increased hardness and indentation modulus [70].
Higher w/c ratios (from 0.33 to 0.50) result in more capillary pores and
fewer micropores (<2 nm) in pastes containing 50 % or more slag, ac-
cording to BJH estimates [68].

3.8. FTIR analysis

FTIR spectra are provided in Fig. 12 to better illustrate the structural
evolution of the hydrate phases and functional groups on the surface of
prepared specimens. The bands in the range at 2358, 1440, and 884
em™! are linked to the aliphatic compound’s -C=0 stretching [55,
71-73]. The peak at 3640 cm! corresponds to CH [55,73,74]. The
bands at 3435 and 1630 cm ™! were connected to water’s H-O-H bending
vibrations [55,71,73,74]. The absorption peaks at 522, 930, and 1154
cm ™! are characteristic absorption peaks of the —-Si—O bond in the SiO,
framework [71,73,74].

Surprisingly, after PUS treatment of the prepared specimen (C + S
(F125)_10 min. - red line), the band intensity (see Appendix, Table A7)
significantly increases (band observed at 2358 cm™!) compared to the
specimen prepared without PUS (green line). The intensity of this band
can be dependent on the difference in the activation effect on GBFS in
variant pH and age of curing, which can be strongly correlated with the
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Fig. 12. The FTIR spectra for prepared specimens at 28 d and pure PC (CEM I 42.5R) and GBFS.

creation of C-S-H/C-A-S-H [71]. The cause for such a difference in in-
tensity could be that PUS treatment may act as a “structure-directing
factor” for the prepared specimen, and the “intimate” interface contact
between cement and GBFS can be observed only with the participation
of PUS treatment as an interfacial mediator. GBFS particles may well
attach to the cement particles, which may be attributable to the
sonocrystalization of C-S-H/C-A-S-H nucleation seeds (suggested by
XRD and SEM images) via pozzolanic interactions between GBFS and CH
(suggested by TGA analysis).

3.9. SEM with EDS

Figs. 13 and 14 show the morphologies of SEM images of paste
specimens (C + S(F125)) prepared without PUS (Fig. 13) and under the
influence of PUS (Fig. 14). EDS-spotting mode analysis was used to
ascertain the hydration products’ elemental compositions. After PUS
treatment, the morphology of cement-GBFS paste was significantly
different from the same specimen prepared without PUS. After soni-
cation, GBFS particles were seen as irregular in shape with sharp edges,
which are surrounded by white crystals formed during PUS treatment
(“sonocrystals”). Additionally, PUS-induced dispersion of agglomerates/
fragments or even inhibition of agglomeration can be observed; PUS
seems to improve grain refinement and cause sonofragmentation of
GBFS nucleant particles embedded in the cement matrix (Fig. 14).

EDS microanalysis was carried out to determine the elemental
composition related to potential C-A-S-H nucleation seed growth. A
comparison of EDS data for paste specimens prepared without PUS
treatment (Fig. 13) and under PUS influence (Fig. 14) revealed a clear
difference in Ca/Si and Al/Si ratios. There were, respectively, 1.3 + 0.01
and 0.29 + 0.01 for PUS-treated specimens and 2.1 £+ 0.02 and 0.12 +
0.03 for the reference specimens prepared conventionally. Such differ-
ences may indicate potential C-A-S-H sononucleation seeding. The
following formula (4) was used to determine the maximum allowable

10

model alumina substitution into C-S-H during a pozzolanic reaction of
GBFS pastes [75]:

_ Ca
Al 0.4277(5i)

Si 4732 )

The results obtained by this formula confirmed that the maximum
value (Al/Si) is respected for C + S(F125)_10 min. (Al/Si = 0.09)
compared to the same specimen prepared without PUS treatment (Al/Si
= 0.02).

3.10. The reaction mixture’s pH

When C-A-S-H sononucleation seeds are formed, the reaction mix-
ture’s pH has a very important influence, and very high pH values
(>13.0) in alkaline solutions may potentially activate the creation of C-
A-S-H nucleates [76,77], which may promote the dissolution of the
GBFS silicate glass network when polarized by highly reactive free
radicals, particularly OH™ radicals derived from PUS cavitation in
aqueous solutions. To confirm this hypothesis, the reaction mixture’s pH
was measured before PUS and after 10 min (Table 6). Comparing
cement-GBFS paste specimens prepared without PUS and under the in-
fluence of sonication, it can be stated that the reaction mixture’s pH after
PUS rises above 13.0, which may be another confirmation of C-A-S-H
sononucleation seeding.

4. Discussion

The properties of deposited and fresh GBFS are expected to differ to
some extent depending on the conditions and duration of storage [78].
After granulation, the slag is wet, is transported in wet conditions to the
storage site, and remains mostly in a moist condition during storage,
except for the surface layers that exhibit weather-related wetting and
drying. Therefore, during storage, GFBS undergoes prehydration and
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Fig. 13. SEM image of Cement-GBFS paste specimen C + S(F125) prepared without PUS at 28 d.

carbonation due to contact with atmospheric CO,. These reactions are
primarily caused by the fine fractions of GFBS [79]. These factors need
to be considered when evaluating the results of the current investigation
of fractionated GFBS.

Cement paste prepared without sonication revealed the expected
reduction of both f. and f; when GFBS was used for the partial
replacement of PC (Fig. 3). Such observed strength reduction is
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diminishing in curing time, as known from the literature [1-5]. Relative
effects of fine (F < 63) and coarse (F125) fractions of slag could be
controversial for fresh slag, but for deposited slag, they are well corre-
lated with the observed presence of carbonation products on slag (the
reflection of calcite in Fig. 9). A reduced reactivity of the fine fraction of
slag (F < 63) due to prehydration and carbonation is also reflected by
the rate of heat generated during the hardening of GFBS blended
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Fig. 14. SEM image of Cement-GBFS paste specimen C + S(F125) prepared under the influence of PUS at 28 d.

cement: the heat generated is quite close for (C + S(F < 63)) and (C+ S
(F125)), contrary to expectations for fresh GFBS. Substitute IS and FS
times for cement pastes were extended for GFBS substituting cement,
although the differences brought by different slag fractions were small.

PUS-induced effects on cement paste without GFBS, consisting of a
relative increase in both f. and f;, an increase in the heat of hardening, a
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decrease in the substitute IS and FS times, and an increase in the SSAggT,
coherently demonstrate accelerated cement hydration. The observed
increase of the EM and VH follows the trends observed for the strength
increase. The observed early strength increase was similar to that re-
ported by Xiong et al. [36], but in contrast to a decrease in the 1-day
strength of CP found by Ehsani et al. [33], who were using a higher
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Table 6
The reaction mixture’s pH measured before (initial) and after PUS treatment of
cement paste.

CP composition C C + S(F < 63) C + S(F125)
Initial pH 12.8 + 0.1 12.8 + 0.1 12.9 + 0.1
pH after PUS (10 min) 12.9 + 0.1 13.24+ 0.1 13.4 + 0.1

sonication frequency and sonication time of up to 10 min. The current
investigation ranged the sonication time from 5 to 15 min and revealed
the best PUS effects for 10 min.

The best performing cement-GBFS paste prepared by PUS demon-
strated a remarkable improvement in f. and f; 2-day strengths (increase
by 132 % and 58 %, respectively), major improvement of VH and EM
(increase by 98 % and 74 %, respectively) in comparison to conventional
mixing procedures. Similarly, an increase in SSAggr of about 111 %, a
higher cumulative heat release of about 34 % after 2 days, reduced
substitute setting times (IS by about 32 %, FS by about 55 %), and a
reduction in CH content of about 29 % were observed. The PUS-treated
cement-GBFS paste’s 2-day strength matched that of the reference paste
prepared without PUS. These results demonstrate strong accelerating
effects of PUS treatment on cement-GFBS paste, much stronger than
reported in the literature relative effects of PUS on cement paste without
GFBS.

Any comparison of PUS-induced accelerating effects with known
chemical activation methods for GFBS exceeds the scope of this inves-
tigation. Nevertheless, it’s crucial to note that the commonly reported
effects of GFBS in cementitious mixtures concern fresh, finely ground
slag with a specific surface of at least 400-450 m? kg ! Blaine’s, which is
usually limited by energy-saving and economic considerations. Because
GBFS has limited grindability and does not change significantly after
storage [78], its grinding consumes electricity of around 65-69 kWh per
ton [80], resulting in an environmental impact. Instead of grinding, in
the current approach, slag particle separation was applied before PUS
treatment, which allowed for the efficient utilization of rather coarse
slag fractions.

The limitation of this study is the uncertain suitability of the PUS-
treated cement + GBFS paste mixture for subsequent mixing with
aggregate to produce concrete. To some limited extent, this concern was
addressed by testing cement mortar with GFBS. According to the
strength data presented in Table A5, the beneficial PUS-induced effects
on the compressive and flexural strengths were partly retained; the
relative strength improvement ranged from 35.9 % to 57.8 %, respec-
tively. The best relative PUS-induced performance was noted for C + S
(F125)_10 min mortar mixture, just as for paste mixtures.

5. Proposed formation mechanism of C-S-H/C-A-S-H nucleation
seeding in the time of PUS treatment

The currently studied PUS treatment of cement-GFBS paste was
mainly characterized by sonofragmentation (reduction of particle ag-
gregation and enhanced size refinement of particles), consumption of
CH, and potential C-S-H/C-A-S-H nucleation seeding. Mixing GBFS with
cement paste may improve the composition of hydration products
through PUS treatment, resulting in hardened specimens with superior
physicochemical and mechanical properties. GBFS particles (especially
125-250 pm fraction) may be well bonded to products of cement hy-
dration, which may have a strong link with the potential sonocrystali-
zation of C-S-H/C-A-S-H nucleation seeds (suggested by XRD and SEM
images (Fig. 14 and Fig. A2)) via pozzolanic interactions between GBFS
and CH (suggested by TGA analysis).

PUS treatment accelerated the dissolution of Si**, Ca®*, and AI®*
ions, which may have helped C-S-H gels crystallize, according to Xiong
et al. [81]. Particle size can significantly affect the microstructure, hy-
dration kinetics, and mechanical characteristics of cement-based mate-
rials [51], and lattice and/or surface area distortions may decide the
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dissolution peak. A particle’s ability to dissolve seems to be highly
influenced, regardless of its size, by the size of the other particles it is
combined with. Regardless of size, a particle will act like a small one and
dissolve sooner if the surrounding particles are larger, and act like a big
one and dissolve later if the surrounding particles are smaller [51].
During the first deceleration period, particles with a higher SSAggr and
defect concentration emit more heat. Let’s suppose that only the disso-
lution of Si*" and Ca?* ions is responsible for the heat generated during
the first peak. In that case, the amount of dissolved Ca®* ions throughout
the process of hydration may be computed as a first step in a fairly
straightforward way using the heat flows produced by each size of the
particle. The idea that surface area influences reaction rate is supported
by the fact that material dissolution and surface C-S-H nucleation
regulate the initial reaction; therefore, a higher surface area would
result in a faster reaction.

In light of this study’s experimental findings and gained experience
in the field of sonochemistry [38], it is allowed to develop a plausible
reaction mechanism of C-S-H/C-A-S-H nucleation seeding in the time of
PUS treatment for the best-performing specimen C + S(F125)_10 min.
(Fig. 15). During initial PUS action on cement-slag water dispersion
(pre-induction period, Fig. 5), collapse of inertial bubble implosions may
result from initial sonofragmentation of previously agglomerated par-
ticles, therefore influencing the particle size through particle breakage
and surface erosion phenomena (Stage Ia). A minimum particle size
threshold is reached that depends on the frequency, initial particle size,
and power is reached because the PUS treatment and particle breakage
are limited. Specifically, the high power of PUS treatment can produce
bigger bubbles that abruptly collapse, and produce powerful shock-
waves. As a result, sonofragmentation is stronger and generally pro-
portional to particle fineness.

Particle breakage may increase the solution’s alkalinity and facilitate
ion dissolution (Stage Ib). PUS treatment may efficiently disperse frag-
ments and agglomerates or even inhibit agglomeration, improve grain
refinement, and cause sonofragmentation of GBFS nucleant particles
embedded in the cement matrix (as suggested by SEM images, Fig. 14).
During the dissolution process, the chemical compounds of GBFS and
cement particles will dissociate, forming ions for the PUS fragmentation
process such as Ca2*, AI**, and Si**, which may be triggered by pH
change (from 12.8 to 13.4) as well as OH™ owing to PUS treatment. It
suggests that the overall trend is determined by the synergy between
grain-size formation and PUS treatment. The increased alkalinity and
PUS treatment may accelerate the disintegration of GBFS and cement
particles, leading to the release of more ions and groups into the liquid
phase. Consequently, more hydration products will be produced
compared to specimens prepared without PUS.

In Stage Ila, the remaining Ca?>* and OH~ would continue to react to
form Ca(OH); during the early age of curing. In addition, with more
CaO, Al,03, and SiO5 compositions in GBFS and cement particles (XRF
analysis, Table 1), the reaction process will likely favour the hydration
process forming hydrated calcium products, such as C-S-H/C-A-S-H
seeds, and also induce a higher cumulative heat release. Since nucle-
ation sites for PUS treatment are available as well as the increase in
forming ion composition, the hydration process became rapid, and this
was observed via a significantly decreasing FS time. As the amount of
forming ions increases, polycondensation occurs, and a C-S-H/C-A-S-H
seed may be formed.

In a later age of curing (Stage IIb), hydration products were accu-
mulated, and the densely hardened cement paste’s microstructure was
developed, which is beneficial for strength development. The acceler-
ated hydration of cement and slag, as well as the pozzolanic reaction,
promote the hardening and densification of microstructure C 4+ S(F125)
_10 min. As aresult, the 2-day f. reaches 20 MPa and the 28-day strength
reaches 47 MPa, and these values well match the strength of reference
cement paste. A major contribution to accelerated strength development
is supposed to be because GBFS’s pozzolanic reaction in cement paste
has improved.
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Fig. 15. Proposed reaction mechanism of C-S-H/C-A-S-H nucleation seeding in the time of PUS treatment for best-performing specimen C + S(F125)_10 min.

6. Conclusions

Using deposited and coarse granulated blast-furnace slag, this study
comprehensively investigated the physicochemical and mechanical
properties of cement-slag pastes treated with PUS under quasi-
isothermal conditions. From the performed tests, the following conclu-
sions can be drawn:

1. A small to moderate increase in f. and f. was found in Portland
cement pastes treated with PUS (10 min) at the age of 2 days (up to
24 % and 7 %, respectively) to 28 days (up to 3 % and 9 %,
respectively). The EM and VH increased similarly after receiving this
PUS treatment, and the early rate of heat hydration increased as well.

2. PUS treatment of cement pastes containing 20 % of deposited GBFS
resulted in considerably higher early strength (f. and f,) after 2 days -
up to 132 % and 58 %, respectively. The strength increase was
correlated with increased cumulative heat of hardening. In a similar
vein, following 28 days, the CH content dropped by 29 % while the
VH and EM rose by 98 and 74 %, respectively.

3. Cement-GFBS paste specimens that underwent PUS treatment
exhibited an increase of approximately 111 % in Ny accessible SSageT
and an increase in pore volume within the 2-10 nm range according
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to the BJH model. The best early-age strength and 28-day strength of
paste were achieved with a 125-250 pm slag fraction thanks to the
effective usage of relatively coarse slag fractions made possible by
the combination of deposited slag particle separation and PUS
treatment. With an increase in sonication time, there was a relative
increase of fraction <63 pm and a drop of fraction >125 pm by 113 %
and 81 %, respectively, in sonofragmentation of GBFS particles,
particularly the 125-250 pm fraction.

The developed methodology for activation of deposited GFBS by
particle separation and PUS treatment has several beneficial features,
such as simplicity and proper temperature control with a specially
designed sonoreactor. It shows the ability to increase the slag’s reac-
tivity in CP at room temperature, possibly via its ability to produce C-S-
H/C-A-S-H sononucleation seeds. In that context, the results of this
investigation could present new avenues for the development of new
efficient procedures for the preparation of highly efficient cements with
reduced clinker content.
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Prepared specimens Cement [g] GBSF [g] Water [g] Actual acoustic energy [Joules]*
C 450 - 225 72.5+ 0.8
C + S(F125) 360 90 225 62.3 £ 0.9
C + S(F < 63) 360 90 225 56.1 + 0.8

* Sonication conditions: ultrasonic horn tip (diameter of 25.4 mm), 20 kHz, 700 W, working at 100 % power of the generator) in continuous ultrasonic
pulse mode (5s ON pulse time and 5s OFF - relaxation pulse time). Sonication in a vertical jacketed glass sonoreactor with the cooling system.

Table A2Composition of the cement paste mixtures subjected to PUS with and without cooling.

Prepared specimens Cement [g] GBSF [g] Water [g] Mixture temperature without cooling [°C] Mixture temperature with cooling [°C]
C_10 min. US 450 - 225 47.8 £ 0.6 23.1+0.4

C + S(F125)_10 min. US 360 90 225 49.4 £ 0.8 23.4+0.7

C + S(F < 63)_10 min. US 360 90 225 48.7 £ 0.7 23.3+0.5

Table A2f; and f; of cement-GBFS paste specimens.
CP composition and PUS treatment * f, [MPa] f. [MPa]
2 days 7 days 28 days 2 days 7 days 28 days

C + S(F < 63) 2.1+0.2 4.1 +0.3 6.1 +0.2 7.8 + 0.4 16.8 + 1.3 27.7 £1.0
C + S(F63) 2.7+0.2 4.6 £ 0.5 6.5+ 0.4 82+0.5 17.8 £ 0.7 29.0 £ 1.1
C + S(F125) 3.0+0.3 49+ 0.4 6.7 + 0.2 8.9 + 0.6 199 +1.2 30.5 +1.1
C + S(F < 63)_5 min. 3.7 +0.1 5.7 + 0.2 7.9 +0.5 11.7 £ 0.9 20.3 + 1.6 29.3+1.5
C + S(F < 63)_10 min. 41+0.3 6.3+ 0.5 8.5+ 0.4 15.3 £ 0.7 23.3+1.0 328 +1.6
C + S(F < 63)_15 min. 3.9+0.3 6.1 £0.1 8.2+ 0.3 14.3 +£1.2 23.0+1.7 325+1.3
C + S(F63)_5 min. 41+0.1 6.1 + 0.3 8.0 +0.3 12.6 + 1.1 22.0 +1.3 314 +1.4
C + S(F63)_10 min. 4.7 +£0.1 6.7 + 0.3 8.7 + 0.4 16.5 + 1.2 25.6 + 1.2 346 £1.6
C + S(F63)_15 min. 4.4+ 0.5 6.5+ 0.3 8.6 + 0.4 16.5+ 1.2 25.6 £ 1.2 34.6 £ 1.6
C + S(F125)_5 min. 4.5+ 0.3 6.3 + 0.4 8.5 + 0.4 15.4 + 0.8 24.2 + 1.4 33.5+1.1
C + S(F125)_10 min. 49 +0.1 7.7 £ 0.3 10.1 +£ 0.3 20.6 £ 0.6 33.2+1.3 47.1 £1.2
C + S(F125)_15 min. 4.7 £0.3 7.5+ 0.3 9.3 +0.2 18.5 + 0.8 31.8+1.5 439 +1.1

* Sonication conditions: ultrasonic horn tip (diameter of 25.4 mm), 20 kHz, 700 W, working at 100 % power of the generator) in continuous ultrasonic pulse mode (5s
ON pulse time and 5s OFF - relaxation pulse time). Sonication in a vertical jacketed glass sonoreactor with the cooling system.

Table A3
f. and f; of cement-GBFS paste specimens.

CP composition and PUS treatment * fr [MPa] f. [MPa]
2 days 7 days 28 days 2 days 7 days 28 days

C + S(F < 63)_5 min. 3.2+0.2 5.0 £ 0.2 6.9+ 0.5 11.2+ 0.9 219+1.1 31.0+14
C + S(F < 63)_10 min. 3.4+05 5.3+0.3 7.7 £0.3 121 +1.3 228+ 1.5 314+ 1.5
C + S(F < 63)_15 min. 3.3+0.1 5.1+0.6 7.6 £0.2 12.0 £ 1.2 223 +1.1 31.1 £0.9
C + S(F63)_5 min. 3.7+0.2 5.1+0.1 7.4+0.2 11.6 £ 0.7 228 +1.2 31.1+17
C + S(F63)_10 min. 3.9+0.3 6.7 £ 0.5 8.7 + 0.4 14.0 £ 1.5 24.7 + 1.5 33.1+0.9
C + S(F63)_15 min. 3.8+0.2 6.2 + 0.2 8.1+0.2 13.0 + 1.4 237 £1.5 321+15
C + S(F125)_5 min. 4.0+ 0.3 5.4+0.3 7.8+ 0.6 12.0 £ 0.7 23.4+15 33.4+16
C + S(F125)_10 min. 4.3+ 0.4 7.0 £0.3 9.0+ 0.3 147 £ 1.3 279+ 1.3 36.9 + 1.0
C + S(F125)_15 min. 41+0.4 6.5 + 0.4 8.4+0.3 13.7 £ 1.2 259+ 1.3 359+ 1.5
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* GBFS treated by PUS and then mixed with cement to prepare specimens. Sonication conditions: ultrasonic horn tip (diameter of 25.4 mm), 20 kHz, 700 W, working at
100 % power of the generator) in continuous ultrasonic pulse mode (5s ON pulse time and 5s OFF - relaxation pulse time). Sonication in a vertical jacketed glass

sonoreactor with the cooling system.

Table A4

Composition of the cement mortar mixtures and their consistency.

Prepared specimens Cement [g] GBFS [g] Water [g] Sand [g] Slump flow (mm)
C 450 - 225 1350 173 £1.0
C_10 min. US 179 +£ 1.0
C + S(F125) 360 90 128 £1.5
C + S(F125)_10 min. US 147 £ 1.5
C + S(F < 63) 123 +£1.0
C + S(F < 63)_10 min. US 134 +1.5
Table A5
f. and f; of mortar specimens.
Mortar designation and PUS treatment * f, [MPa] f. [MPa]
2 days 7 days 28 days 2 days 7 days 28 days
C 57 +0.1 7.6 £0.1 9.3+£0.1 23.6 £ 0.9 36.8 £ 0.7 47.3+0.9
C_10 min. 5.8+ 0.1 7.6 £0.1 9.6 + 0.1 28.7 £ 0.8 40.0 £ 0.8 49.44+0.8
C + S(F < 63) 3.2+0.2 4.8 + 0.2 6.5+ 0.1 13.3+ 0.7 20.3 £ 0.6 29.6 £ 0.9
C + S(F < 63)_10 min. 47 £0.1 6.2 +0.1 7.8 +£0.1 19.7 +£ 0.9 31.3+£0.5 41.24+0.9
C + S(F125) 3.9+0.2 5.7+ 0.1 7.6 £ 0.1 14.7 £ 0.8 22.7 £ 0.9 31.8+0.8
C + S(F125)_10 min. 5.3+0.1 7.3+ 0.2 9.2+ 0.1 23.2+0.9 35.3+0.5 45.5 + 0.9

* Sonication conditions: ultrasonic horn tip (diameter of 25.4 mm), 20 kHz, 700 W, working at 100 % power of the generator) in continuous ultrasonic pulse mode (5s
ON pulse time and 5s OFF - relaxation pulse time). Sonication in a vertical jacketed glass sonoreactor with the cooling system.
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Fig. Al. The development of compressive strength of mortar specimens in time for three mortar compositions produced without or with 10 min pulse sonication.

The influence of PUS on the rate of early strength development is illustrated graphically by the shift of the red line above the black line. The PUS-
induced shift can be numerically described by the parameters of the best-fit approximation formula shown in the figures.

16



P. Lisowski et al. Cement and Concrete Composites 154 (2024) 105781

C+S(F125) 10 min.

PUS
treatment

Fig. A2. SEM images of Cement-GBFS paste specimen C + S(F125) without PUS and under the influence of PUS at 28 d.

Data and peak analysis were obtained using the OriginPro® 2024 software package (Northampton, Massachusetts, USA).

Table A6
The Peak analysis of FTIR spectrum for cement-GBFS paste specimens at 28 d and GBFS and CEM 142.5R.

CP composition and PUS treatment Peak Analysis
(~2358)
Height of the Peak Area of the Peak
GBFS 0.0155 1.0384
CEMI142.5R 0.0095 0.6616
C + S(F < 63) 0.0077 0.5389
C + S(F < 63)_10 min. 0.0163 1.1033
C + S(F125) 0.0123 0.8358
C + S(F125)_10 min. 0.0250 1.6833
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