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Abstract

As anovel low-carbon material, alkali-activated materials (AAMs) can effectively mitigate
the environmental burden caused by the cement industry, and their functional develop-
ment can further enhance their additional commercial benefits. This study employed al-
kali-activated blast-furnace slag (AAS) as a matrix and incorporated steel slag (SS) as a
functional component, and the compressive strength, workability, shrinkage characteris-
tics, microstructure, and microwave-absorbing properties of SS-containing AAS were sys-
tematically investigated. The results show that although the low reactivity of SS impairs
the compressive strength of AAS, it effectively reduces the setting rate of AAS. At an SS
dosage of 50% (sample B-550), the 28-day drying shrinkage of AAS reached a minimum
value of 778 pe. The dissolution and hydration of SS provide additional Ca?* and OH- for
AAS, thereby effectively promoting the hydration of blast-furnace slag and facilitating the
formation of C—(A)-S-H and N-A-S5-H gels. Moreover, SS acts as a conductive functional
component, enhancing the conductivity of AAS and enabling a minimum reflection loss
of —29.47 dB with 0.53 GHz effective bandwidth at 20 mm thickness. After further modifi-
cation with steel fibers, the thickness-dependence of the microwave-absorbing properties
of AAS was reduced, allowing effective absorption across multiple thicknesses (5 mm, 15
mm, and 25 mm). This study offers new insights into the high-value utilization of low-
reactivity industrial solid waste and offers design methods for its functional development.

Keywords: alkali-activated materials; steel slag; mechanical properties; hydration mech-
anisms; microwave-absorbing properties

1. Introduction

As global industrialization and urbanization accelerate, there is a continuous growth
in the demand for construction materials. Cement, as the most critical material in civil
engineering, is produced on a massive scale, leading to severe resource depletion and
environmental pollution [1-3]. Statistics indicate that the cement industry contributes ap-
proximately 5-8% of global CO: emissions [4,5], and its carbon footprint has become a
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pressing issue, positioning it as a key point of breakthrough for achieving carbon neutral-
ity in the construction sector [6]. To reduce the dependence on cement and lower its con-
sumption, the development of alternative cementitious binders is urgently needed. Alkali-
activated materials (AAMs), a novel type of green cementitious material, offer significant
low-carbon characteristics and environmental advantages, aligning with the Sustainable
Development Goals and representing an ideal substitute for traditional cementitious bind-
ers [7,8]. Compared to ordinary Portland cement, AAMs can reduce carbon emissions by
about 60%, promoting the recycling of industrial solid waste, and yield remarkable envi-
ronmental and economic benefits [9,10]. Therefore, the development of AAMs is of great
significance for promoting green and low-carbon transformation in the construction in-
dustry and advancing sustainable development.

Alkali-activated slag (AAS) is a common low-carbon, environmentally friendly type
of AAM. Owing to its unique mechanical advantages and environmental benefits, it is
regarded as a preferred precursor for producing AAMs and is widely used in civil engi-
neering [9,11]. AAS primarily uses aluminum- and silicon-rich blast furnace slag (BFS) as
a precursor. Under the action of an alkali activator, dissolution-polycondensation reac-
tions occur, forming a three-dimensional network gel structure composed of tetrahedral
[SiO4]* and [AlO4]>- as fundamental building units. Its dense microstructure and the ab-
sence of calcium hydroxide in the hydrates endow AAS with excellent mechanical prop-
erties and durability [2,12]. However, the use of strongly alkaline activators leads to ex-
cessively rapid early reaction kinetics, which adversely affect the workability and volume
stability of the material and severely limit its engineering applications [1,13]. To address
this issue, some studies suggest that incorporating low-reactivity mineral admixtures into
AAS can alleviate the excessively fast early hydration reaction and the associated large
early-age matrix shrinkage, without significantly compromising mechanical properties
and durability [14,15]. This approach is expected to become an effective approach for im-
proving the performance of AAS.

Steel slag (SS) is a typical solid waste generated in the course of steel production, yet
its low reactivity results in a relatively low utilization rate [1]. Nevertheless, due to the
presence of certain chemical components similar to those of Portland cement, such as CaO,
Si02, and AlOs, SS possesses a certain potential for cementitious activity [16]. The free
CaO and MgO present in SS may cause volume instability, generating expansion stresses
that can readily damage the cementitious matrix. Guo et al. [6] explored the influence of
SS on the performance of AAMs and found that SS promotes the refinement of the pore
structure and improves workability. Similarly, Rudi¢ et al. [17] and Li et al. [1] further
confirmed the inhibitory effect of SS on shrinkage deformation during the hydration of
cementitious materials. For some common cementitious systems with rapid setting rates,
including alkali-activated systems, sulfoaluminate cement systems, and high-alumina ce-
ment systems, there exist problems such as fast setting and hardening, as well as insuffi-
cient workable time. These issues can be regulated by taking advantage of the low hydra-
tion activity of SS. Therefore, introducing SS into AAS is a feasible approach to balance its
setting characteristics and volume stability.

The functional development of AAS is of great significance for enhancing its added
commercial value. SS contains a certain amount of Fe-bearing phases, such as Fe2Os and
Fes3O4, which are generally considered to possess a remarkable electromagnetic loss capa-
bility. Recent studies have reported that SS can serve as a functional filler, endowing ce-
mentitious materials with microwave-absorbing properties [18,19]. Bai et al. [18] reported
that a 15% SS dosage increased the compressive strength of foamed concrete by 18.59%
and enhanced the conductivity by 37.87% compared to the control group, while also facil-
itating the formation of conductive pathways in the cementitious matrix. This finding was
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further corroborated by Meng et al. [20]. Moreover, Dai et al. [21] investigated the micro-
wave-absorbing properties of SS-containing cementitious materials and demonstrated
that the iron-bearing components in SS can effectively modulate the electromagnetic pa-
rameters, enabling the SS-containing cementitious materials to achieve a minimum reflec-
tion loss of —21 dB. Collectively, these studies fully illustrate the potential of SS in improv-
ing the electrical and microwave-absorbing properties of construction materials. However,
the microwave absorption properties of AAS containing SS have not been fully studied,
and the intrinsic mechanisms underlying its electromagnetic loss remain unclear. There-
fore, while optimizing the fundamental mechanical properties and workability of AAS,
how to further enhance its microwave-absorbing performance constitutes an urgent re-
search task.

This study takes AAS as the matrix and modifies its performance by adjusting the
dosage of S5, aiming to develop AAS with satisfactory mechanical properties, workability,
and microwave-absorbing properties. The influence of SS on the compressive strength,
workability, shrinkage characteristics, microstructure, and microwave-absorbing proper-
ties of AAS were systematically investigated. Furthermore, steel fibers (SFs) were intro-
duced as absorbers to further enhance the electromagnetic loss capacity of AAS, thereby
effectively enhancing its microwave-absorbing properties. This study seeks to develop an
eco-friendly microwave-absorbing material that combines good mechanical properties
with microwave absorption functionality. These findings not only contribute to increasing
the high-value utilization of industrial solid waste but also offer new design insights for
the functional design of alkali-activated materials.

2. Materials and Test Methods
2.1. Materials

The materials used in this study include BFS and SS, which were supplied from Wu-
han Vcem Intelligent Technology Co., Ltd. (Wuhan, China). The Blaine and specific grav-
ity of BFS were 440 m>kg™ and 2.9 g-cm?, respectively, and these of SS were 408 m*>kg™
and 3.68 g-cm3. The chemical and mineral compositions of BFS and SS were listed in Table
1 and Figure 1a, respectively. Figure 1b represents the particle-size distribution of BEFS and
SS, as acquired by a laser particle-size analyzer (Mastersizer 2000, Malvern Panalytical
Ltd., Malvern, UK). The result shows that the median diameter (D50) of SS (7.99 um) is
smaller than that of BES (15.6 pum). The microstructures of BFS and SS were characterized
by scanning electron microscopy (SEM), as shown in Figure 1c. The SEM image shows
that the BFS and SS particles are both subangular to angular in shape, and the particle size
of SS is smaller than that of BFS, which is consistent with the results of particle size distri-
bution. The weight loss of the two materials were analyzed by thermal gravimetric (TG)
and differential thermogravimetry (DTG, STA449F5) methods, with the results shown in
Figure 1d.

To obtain the alkaline solution, commercial water glass (with 3.3 modulus and 35%
solid content) and sodium hydroxide were adopted. According to previous literature [22],
the modulus of water glass (SiO2/Na20 molar ratio) was adjusted by adding sodium hy-
droxide to increase the number of Na20. Based on previous studies [23], water glass (mod-
ulus 1.6) has been demonstrated to improve the performance of AAS. Consequently, this
study sets the target modulus of water glass at 1.6. Then, the modified water glass solution
with 1.6 modulus was obtained according to Equation (1).

m=0.361x(3.3—-M,)/3.3M (1)

where m (g) is the mass of sodium hydroxide added per gram of water glass solution; 3.3
is the initial modulus of the water glass; and Ma is the target modulus of alkaline solution.
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Table 1. Chemical composition of BFS and SS.

Composites CaO SiO: ALOs; Fe:0s MgO SOs Na:O MnO KO

BFS/wt.% 36.82 2675 19.66 0.32 11.10 2.65 0.84 0.37 0.29

SS/wt.% 4464 1519 338 2224 418 0.41 0.07 1.34 0.02
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Figure 1. Basic performance of BFS and SS: (a) mineral compositions; (b) particle-size distributions;
() microstructure; and (d) TG/DTG curves.

2.2. Preparation of Samples

To investigate the impact of SS dosage on the properties of AAS, different SS dosages
(0%, 10%, 30%, 50%, 70%, 90%) were used to replace BFS. The modified water glass (1.6
modulus) was used as alkaline activator. The liquid-to-binder ratio and water-to-solid ra-
tio of the AAS mortar were 0.55 and 0.35, respectively. To mitigate the substantial heat
generated by the alkaline solution during the mixing process, it is prepared at least 24 h
in advance. The detailed mix design of AAS mortars is shown in Table 2.

After mixing, the mortar sample was poured into steel molds (40 x 40 x 40 mm? for
compressive strength test, and 40 x 40 x 160 mm? for resistivity test), and cured in a room
(20 °C and 95% RH). The mix proportions for the paste sample are consistent with that of
the mortar, with the only difference being the absence of sand. The paste samples are
cured in the same manner in the standard curing room until they reach a specified age,
after which anhydrous ethanol is used to terminate the hydration process. The paste sam-
ples were then broken into small blocks using a small hammer and subjected to vacuum
drying at 60 °C for 2 h. Some block samples were retained, while other blocks were ground
to pass through a 75 um standard sieve for X-ray diffraction (XRD), TG/DTG, and SEM.

Table 2. Mix design of AAS mortars.

Sample ID BFS/g SS/g Sand/g Modified Water Glass/g Water/g
B-50 450 0 1350 90 157.5
B-S10 405 45 1350 90 157.5
B-S30 315 135 1350 90 157.5
B-S50 225 225 1350 90 157.5
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B-570 135 315 1350 90 157.5
B-590 45 405 1350 90 157.5

2.3. Testing Procedures
2.3.1. Mechanical Properties

The compressive strength test of all the samples cured for 3 d and 28 d was conducted
by using a compressive testing machine (DYE-300, Tianjin Gangyuan Test Instrument Co.,
Ltd., Tianjin, China) based on Chinese standard GB/T 17671-2021 [24]. The loading speed
of the compressive testing machine was set as 2.4 kN/s. Three parallel samples of each
mixture were tested, and the average value and standard deviation were calculated.

2.3.2. Workability Test

The fluidity was tested following the requirements of Chinese standard GB/T 2419-
2005 [25]. Following 25 vibrations on the flow table, the spread diameter were measured
to calculate the value of fluidity of samples. The setting time for each mixture was tested
based on Chinese standard JGJ/T 70-2009 [26], with the initial setting time recorded upon
the mortar strength reaching 0.3 MPa and the final setting time noted when the strength
reached 0.7 MPa.

2.3.3. Drying Shrinkage Test

The drying shrinkage test was carried out following the Chinese standard JGJ/T 70-
2009 using a digital shrinkage meter. The mortar samples were demolded after curing in
the standard curing room (20 °C and 95% RH) for 7 d. The initial length of specimen was
recorded after calibrating the micrometer on the comparator by standard rod. Then, the
samples were sent to the thermostatic chamber (20 °C and 65% relative humidity) for fur-
ther curing. Subsequently, the length of samples was recorded on days 1, 3, 7, 14, 21, and
28, respectively. Three samples of each mixture were tested, and the shrinkage values
were calculated using Equation (2).

e=(L-L)/(L-L,) 2)

where ¢ is the drying shrinkage at the corresponding curing day; Lo is the initial length
of the mortar sample; L: is the length of the mortar sample at the corresponding curing
day; L is the length of mortar sample (160 mm); and L« is the sum of the lengths of two
shrinkage copper nails buried in the mortar sample (20 mm * 2 mm).

2.3.4. Microstructural Analysis

The hydrates phase compositions were analyzed using an X-ray diffractometer
(Bruker, D8 Advanced, Karlsruhe, Germany), with a scanning range of 5-70° (260) and a
scanning rate of 2°/min. The caloric effects and weight changes of hydrates were charac-
terized using a thermogravimetric analyzer (NETZSCH, STA449F5, Selb, Germany). Pow-
der samples prepared from the paste were heated at 10 °C/min from ambient temperature
to 800 °C in an alumina crucible under a nitrogen atmosphere. The microstructures of
block samples were examined by SEM (Hitachi, SU8600, Tokyo, Japan) equipped with an
integrated EDS device, with the acceleration voltage maintained at 15 kV. To ensure good
surface conductivity, the exposed fracture surface was coated with gold sputtering using
an ion-sputtering instrument.

2.3.5. Electrical Resistivity

The resistivity of the samples at 28 d was determined by employing the four-probe
method. Figure 2 shows the schematic diagram of electrical resistivity test. Four copper
electrodes (30 x 40 mm?) were vertically inserted into the mortar sample at equal intervals.
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A digital multimeter and a DC power supply were used to construct the external circuit
connections, and the voltage and current values were recorded to calculate the electrical
resistivity. The equation for resistivity is as follows:

~U-S 3

P=T110 ®)

where P is the electrical resistivity value; U and I are the voltage and current values
recorded by voltmeter and ammeter; S is the contact area between the copper electrode

and AAS mortar; and L is the average distance of the probes.

Elcclrilcal power
1
‘ G ’

Allkali-activated BFS material

Figure 2. Schematic diagram of electrical resistivity test.

2.3.6. Microwave-Absorbing Properties

According to Chinese Standard GJB 2038 A-2011 [27], the electromagnetic parameters
of mortar sample were analyzed using a vector network analyzer with the coaxial trans-
mission method in the range of 0.1 to 5 GHz. It should be noted that the operating fre-
quencies of currently commonly used communication devices, such as FM broadcasting,
3G, 4G, and 5G communication systems, are mainly concentrated in the range of 0.1-5
GHz. In view of this, this study investigates the electromagnetic wave absorption perfor-
mance within this frequency band. The experimental setup is illustrated in Figure 3. The
ring-type sample with 10.06 mm inner diameter, 23.15 mm outer diameter, and 20.00 mm
height was used for this test. The reflection loss (RL) was subsequently calculated on the
basis of transmission line theory.

— o e e e e e e e M M e e G S GEm e e My R e M g

I (a) Vector network analyzer ;l(b) Ring-type sample |

T'esting software Test fixture 'I
I

Vector network

2
b

| [
i [
| [
| [
I [
| ol
1 [
| [
| [
I [

Coaxial line

b e e L S e e e o e R e - - - alo o o o /|

Figure 3. Experimental setup of microwave-absorbing properties.

3. Results and Discussion
3.1. Compressive Strength

Figure 4 presents the 3 d and 28 d compressive strengths of AAS containing varying
dosages of SS. Overall, both the 3 d and 28 d compressive strengths of AAS exhibited a
decreasing trend with increasing SS dosages. As the SS dosages were less than 50%, the
reduction in compressive strength was relatively low. Specifically, B-S0, B-S10, and B-S30
exhibited 3 d strengths of 33.3, 31.2, and 27.9 MPa, which increased to 51.3, 50.1, and 48.9
MPa at 28 d, respectively. This suggests that at low SS contents, SS remains hydraulically
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active at later stages, effectively maintaining strength development. However, as the dos-
age exceeded 50%, a more pronounced decline was observed. At 3 days, the compressive
strength reductions of AAS were 6.2%, 16.1%, 23.6%, 47.6%, and 70.4% with increasing SS
dosage. These values decreased at 28 days to 2.5%, 4.8%, 13.8%, 39.9%, and 63.4%, respec-
tively. This can be mainly attributed to the reactivity of SS, which mainly manifests in the
later hydration stage, yet its overall hydration activity remains significantly lower than
that of BFS, thereby retarding the strength development [3]. According to You et al. [28],
mineral phases such as CsS and Cz2S in SS are the key components promoting the reaction
in the AAS matrix, producing hydrates similar to those of Portland cement. Consequently,
the early strength development of AAS mainly originates from the complexation reaction
between BFS and the alkaline activator, while the SS mineral phases gradually react at
later stages, thereby mitigating the decline in later-age strength.
(a) (b)

60 60
[ 3-day compressive strength [ 28-day compressive strength

w
=
T
o
=

s
=1
T
Py
f=1

[
=
o]
=

[
=

Compressive strength/MPa
8

Compressive strength/MPa

=1
<

=1
f=1

30 50
Dosage of SS/% Dosage of S8/%

0 10 30 50

Figure 4. Compressive strength of AAS with different SS dosages: (a) 3 d; and (b) 28 d.

3.2. Workability

Workability is one of the key indicators for the engineering application of AAS. Fig-
ure 5 shows the variations in the fluidity and setting time of the AAS matrix with different
SS dosages. As indicated in Figure 5a, the fluidity of AAS initially decreases continuously
with increasing SS dosage and then tends to stabilize. Guo et al. [6] indicated that the low
reactivity and low water demand of SS contribute to improving the fluidity of AAS. How-
ever, similar results were not observed in this study. This may be attributed to the larger
particle size of SS compared to BFS, as the resulting higher specific surface area tends to
increase the water demand of AAS, thereby reducing its fluidity.

Figure 5b shows that the setting times of AAS increase significantly with increasing
SS dosage, and the increasing rate becomes more pronounced at higher SS dosages. This
is attributed to the low early-age reactivity of SS, and the resulting dilution effect caused
by replacing BFS with SS reduces the early hydration rate of AAS, thereby markedly pro-
longing its setting time. Additionally, Li et al. [1] suggested that a higher SiO2/AL:Os ratio
of precursor material leads to a longer setting time of AAMs. In this study, the Si02/Al:Os
ratios of BFS and SS were 1.36 and 4.49, respectively, which is consistent with their find-
ings. Notably, the rapid setting characteristic of AAS is a major factor limiting its engi-
neering application, and the use of SS can effectively address this issue. Mohamed et al.
[29] reported that the initial setting time of AAS varied between 8 and 24 min depending
on the molar concentration of sodium silicate and sodium hydroxide solutions. Although
the AAS prepared in this study still does not meet the typical setting time requirements
for common cementitious materials (initial setting < 45 min; final setting > 360 min), the
approach of incorporating low-reactivity materials provides an important design ap-
proach for regulating the setting time of AAS.
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Figure 5. Workability of AAS with different SS dosages: (a) fluidity; and (b) initial and final setting
times.

3.3. Drying Shrinkage

Figure 6 shows the evolution of drying shrinkage of AAS within 28 days. The results
indicate that the drying shrinkage increased rapidly within the first 3 days. As the time
progressed, the increasing rate gradually slowed down. As the SS dosage was less than
50%, the increase in dosage led to a reduction in the total drying shrinkage at 28 days,
reaching a minimum value of 778 e (sample B-550). Subsequently, as the SS dosage fur-
ther increased to 70% and 90%, the drying shrinkage increased significantly to 986 pe and
1686 e, respectively. According to previous literature [30,31], drying shrinkage is primar-
ily attributed to changes in capillary pressure resulting from the evaporation of free water.
The appropriate dosage of SS can help improve the pore structure of the AAS system
(since the particle size of SS is smaller than that of BES), partially blocking the connected
pores, thereby lowering the capillary pressure generated during the drying process. How-
ever, as the SS dosage continues to increase, the drawback of the low early-age reactivity
of SS becomes dominant, leading to a reduced amount of hydrates and a decreased ability
of the matrix to resist capillary pressure.

Previous research indicated that effective strategies to mitigate drying shrinkage
have typically relied on the incorporation of chemical admixtures, fiber materials, and the
optimization of curing regimes [32,33]. However, the use of low-reactivity or even inert
fillers in AAS not only expands the source of precursor materials but also provides a fea-
sible approach to improving its volume stability, which is of positive significance for pro-
moting the cost-effective and sustainable application of AAMs.

2500

2000

&
=
3

1000

Drying shrinkage/pe

500

Testing time/day

Figure 6. Drying shrinkage of AAS with different SS dosages.
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(a)

3.4. XRD Analysis

Figure 7 illustrates the XRD patterns of AAS at 3 and 28 days, with nearly identical
hydrate diffraction signals detected. This indicates that the compositions of hydrates did
not change with increasing curing age. The hydrates mainly include ettringite (AFt), SiO2,
C2S, RO, CaCOs, and Ca(OH)2.

At 3 days, as the SS dosage increased, the peak intensities of C25 and RO phase in-
creased. These low-reactivity mineral phases mainly originate from SS (see Table 1), and
their presence is generally considered to reduce the reaction rate of AAS. The peaks of
SiO2 were observed when the SS dosage was less than 50%. This was mainly related to the
high SiO:2 content in BFS. Notably, when the SS dosage was relatively high (exceeding
30%), the AFt peaks were observed. This can be attributed to the additional Ca?* provided
by £-CaO in SS, which creates favorable conditions for AFt formation. The hydration of SS
can generate Ca(OH)2. However, in the XRD patterns of AAS with a low SS dosage, no
obvious characteristic peaks of Ca(OH): were detected. Only when the SS dosage ex-
ceeded 50% were weak Ca(OH): peaks observed. This result indicates that BFS consumes
the Ca(OH): generated by the hydration of SS during the reaction, suggesting a possible
synergistic hydration effect between SS and BFS.

At 28 days, a distinct C2S peak was still observable, and its peak intensity gradually
increased with increasing SS dosage. This is mainly due to the C25S mineral phase in SS
having a high crystallinity and low hydration activity, leading to its slower reaction dur-
ing the hydration process [34]. The later-age compressive strength of AAS mainly derives
from gel-like hydrates. Given that the alkali activator used in this study is sodium silicate,
it can be inferred that the gels in the AAS are primarily C—(A)-S5-H and N-A-S-H. How-
ever, since these amorphous hydrates cannot be detected by XRD, the content of gel-like
hydrates in SS-containing AAS will be further revealed by TG analysis.

(b)

Intensity/a.u

1-CaCO,, 2-C,8, 3-Ca,Fe,0s, 4-Ca(OH),,
5-Si0,, 6-Ettringite (AFt), 7-RO

A %] S 9% | RO:#87-0653

1-CaCO0y, 2-C,8, 3-Ca,Fe, 05, 4-Ca(OH),,
5-Si0,, 6-Ettringite (AFt), 7-RO

PDF card number:
CaCO;: #00-005-0586
C2S: #33-0302
Ca,Fe,05:#01-075-0264
Ca(OH),: #44-1481
Si02: #46-1045

10%| | AFt: #00-041-1451
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A L I P T i P i R N R D O e R e BT
5 10 15 20 25 30 35 40 45 50 55 60 65 70 5 10 15 20 25 30 35 40 45 50 55 60 65 70
20/degree 20/degree

Figure 7. XRD pattern of AAS with different SS dosages: (a) 3 d; and (b) 28 d.

3.5. TG-DTG Analysis

Figure 8 displays the TG/DTG curves of AAS at 3 and 28 days. The DTG curves reveal
two distinct peaks in the ranges of 30-150 °C and 500-750 °C. The weight loss in the 30—
150 °C range mainly corresponds to the loss of bound water from C—(A)-S-H and N-A-
S-H in AAS, while the weight loss in the 500-750 °C range is attributed to the decompo-
sition of CaCO:s with different crystallinities in AAS [35]. For ease of comparison, Table 3
lists the weight loss percentages of hydrates in these two specific temperature ranges.

C—(A)-S-H and N-A-S-H are considered the main hydrates of AAMs using a cal-
cium-rich precursor, playing a crucial role in strength development. At 3 days, with in-
creasing SS dosage, the amounts of C—(A)-S-H and N-A-S-H first increased and then
gradually decreased. Generally, low-reactivity SS as a precursor is not conducive to pro-
moting the formation of gel-like hydrates. However, a low SS dosage increased the weight
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loss in the 30-150 °C range, which may be related to the synergistic hydration effect be-
tween BFS and SS. The Ca? and OH- provided by SS are beneficial for the hydration of
BFS, promoting the formation of C—(A)-S-H. This observation confirms the speculation
from the XRD analysis. At 28 days, the weight loss in the 30-150 °C range for all specimens
generally maintained a similar trend to that at 3 days, but the group with the highest
amounts of C—(A)-S-H and N-A-5-H corresponded to an SS dosage of 10%. This result
indicates that the synergistic hydration effect between BFS and SS still functions at 28 days,
albeit slightly weaker than at 3 days. At high SS content (exceeding 50%), the dilution
effect becomes dominant, markedly reducing the amount of hydration products. This di-
minishes the otherwise achievable synergistic hydration effect between SS and BFS, ulti-
mately lowering the strength. Notably, a considerable proportion of CaCOs was detected
in all samples, which mainly originated from the carbonation of AAS paste during curing
and drying, as well as from SS (see Figure 1d).
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Figure 8. TG/DTG curve of AAS with different SS dosages: (a) and (b) for 3 d; and (c) and (d) for
28 d.

Table 3. Qualitative results of hydrates in each specimen.

Weight Loss/%

Item C-(A)-S-H/N-A-S-H CaCOs
3d 28d 3d 28d
0% 4.81 6.61 4.62 5.29
10% 4.82 7.16 4.51 72
30% 543 6.77 4.34 5.84
50% 5.29 6.12 4.65 6.33
70% 4.19 6.25 4.16 5.49
90% 3.65 6.11 7.04 7.06
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3.6. SEM/EDS Analysis

Figures 9 and 10 show the SEM images of AAS at 3 and 28 days. As the SS dosage
was less than 50%, a large amount of gel structure was observed. These gels were uni-
formly distributed and tightly connected, forming the early-age structural skeleton of
AAS. A further increase in SS dosage leads to a decrease in the amount of gel hydrates,
and more pores appear among the gel network, leading to a significant reduction in the
overall denseness of the microstructure. Some unhydrated SS particles were also observed.
This is mainly because a high SS dosage reduces the hydration degree, and the fewer gel
hydrates weaken the binding effect between the structural skeletons, which constitutes
the main cause for the reduced compressive strength at high SS replacement levels. Nota-
bly, as the SS dosage was more than 50%, obvious micro-cracks were observed in the hy-
drated structure of AAS. This is mainly due to the rapid reaction promoted by the strong
alkali activator, which caused thermal stress within the system, leading to the formation
of numerous cracks in the hydrates. With increasing SS dosage, the micro-cracks in the
AAS hydrated structure decreased. This can be attributed to the regulating effect of SS: SS
delayed the overall reaction rate, reducing the accumulation of early hydration heat; its
slight expansion characteristics helped fill and compensate for micro-cracks, thereby im-

proving the structural compactness.

Figure 9. Microstructure of AAS with different SS dosages at 3 d: (a) 0%; (b) 10%; (c) 30%; (d) 50%;
(e) 70%; and (f) 90%.

Figure 11 shows the EDS results of sample B-550. It can be seen that the chemical
composition of hydrates in SS-containing AAS is Ca, Al, 5i, Na, Mg, and Fe. Among these,
Ca, Al Si, and Na mainly originate from C-(A)-S-H and N-A-S5-H. Mg is primarily as-
sociated with the MgO in SS and may participate in hydration to form M-A-S-H. Addi-
tionally, the Fe detected in the hydrates was 1.54%, indicating that Fe may also participate
in the reaction of AAS, forming Fe-doped hydrates. Recent studies have shown that alt-
hough Fe-bearing mineral phases have low reactivity, they may participate in the gel re-
action to form Fe-C-5-H or sodium iron silicate hydrate [36,37]. However, the formation
of these hydrates may require further verification using additional testing methods.
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Figure 10. Microstructure of AAS with different SS dosages at 28 d: (a) 0%; (b) 10%; (c) 30%; (d) 50%;
(e) 70%; and (f) 90%.
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Figure 11. EDS analysis of B-S50.

3.7. Microwave-Absorbing Properties and Mechanisms
3.7.1. Electromagnetic Parameter Analysis

Electromagnetic parameters are critical indicators that reflect the polarization re-
sponse and energy dissipation capability of a material under alternating electric and mag-
netic fields. Specifically, they refer to the permittivity and permeability, whose magni-
tudes are closely related to microwave-absorbing properties. Among these, the real parts

! !
of permittivity (€ ) and permeability (M) reflect the ability of materials to store electric

" 4
energy and magnetic energy, while the imaginary parts (£ and B correspond to its
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dielectric loss and magnetic loss capacities, respectively. In this section, the four basic elec-
tromagnetic parameters of all specimens are presented, which can be directly used to eval-
uate the dielectric loss tangent and magnetic loss tangent of the prepared materials. Figure
12 presents the electromagnetic parameters of AAS. It is evident from the figure that the
real and imaginary parts of permittivity and permeability of SS-containing AAS exhibit
frequency-dependent variations to different extents. However, the B-S0 displays rela-

! !
tively high € and M values, indicating that AAS itself is a relatively good microwave-
absorbing matrix, as has been reported in the literature [38,39]. As the SS dosage is in-

creasing, the peak frequencies of g and M ’ gradually shift toward the lower frequency
range. This shift is mainly attributed to the Fe-bearing phases in SS that possess a high
electromagnetic loss capability, such as a-Fe20s and FesOu. Nevertheless, the electromag-
netic parameters of a material can only reflect its electromagnetic characteristics within a
certain frequency range; achieving satisfactory microwave absorption properties ulti-
mately depends on the balance between impedance matching and loss capacity.
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Figure 12. Electromagnetic parameters of AAS with different SS dosages (a) €. (b) €, (c) H 5 (d)

u” .
3.7.2. Microwave-Absorbing Properties

(1) Effects of SS dosages on microwave-absorbing properties
Based on the transmission line theory [38], the RL of AAS was calculated and evalu-
ated using Equations (4) and (5). As can be seen from the above formulas, the calculation
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Reflection loss/dB

30 F

of RL is primarily based on transmission line theory, and the impedance matching condi-
tion has already been inherently incorporated into the calculation. A lower RL value sug-
gests better microwave-absorbing properties, and in engineering practice, the frequency
range where RL <-10 dB is commonly regarded as the effective bandwidth.

Z,, =Z,\nle, tanh(2mdf \/p,e, /) @)
RL = 20l0g0|Z;, — Zo|/|Z; + Z,| ®)
where Zin is the input impedance of AAS, Zo is the wave impedance of free space (377 (),

and & and Mr are the complex permittivity and complex permeability, respectively. f
is the microwave frequency, d is the designed thickness of AAS, and cis the speed of light.

According to Chinese standard JGJ/T 98-2010 [40], the design thickness of the AAS
mortar was set as 20 mm, and their RL was calculated, as shown in Figure 13. Figure 13a
presents the RL curves of AAS within 0.1-5 GHz. It can observed that the main absorption
frequency band of AAS did not exhibit a linear variation with increasing SS dosage. Spe-
cifically, the main absorption peaks of B-S0, B-510, and B-S30 were located in approxi-
mately in 3.5-4 GHz, while B-S50 and B-570 were located in 4.5-5 GHz. According to the
quarter-wavelength theory [41], the appearance of microwave absorption peaks is closely
related to the electromagnetic parameters of each specimen at that frequency and to its
thickness. For a given thickness, quarter-wavelength matching at the target frequency can
only be achieved when the electromagnetic parameters satisfy specific conditions, thereby
yielding optimal absorption performance. Figure 13b summarizes the minimum RL and
effective bandwidth for each specimen at a thickness of 20 mm. Among them, B-S50
achieved the minimum RL value of —29.47 dB and an effective bandwidth of 0.53 GHz,
whereas B-570 presented a minimum RL of —26.60 GHz alongside an effective bandwidth
of 0.57 GHz.

(b)
[ Minimum RL
[ ] Effective bandwidth (< -10dB)
30%
50%
—70%
—90%
40 1 1 1 1
1 2 3 4 5 0 10 30 50 70 90
Frequency/GHz Dosage of SS/%

Figure 13. Microwave-absorbing properties of AAS with different SS dosages: (a) RL value; and (b)

minimum RL and effective bandwidth.

(2) Effects of absorber dosages on microwave-absorbing properties

Based on the performance indicators of AAS, including compressive strength, setting
time, and drying shrinkage, the B-550 was selected as the reference mixture. In previous
studies [42,43], SF has been widely used in microwave-absorbing materials due to its good
conductivity and ferromagnetism, contributing multiple loss mechanisms to absorbers. In
this section, SF was used as a absorber, and its dosage was set as 0, 2, 4, 6, 8, and 10 wt.%.
Finally, the effect of SF dosage on the microwave-absorbing properties of SS-containing
AAS was investigated.
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Figure 14a shows the effects of SF dosages on the microwave-absorbing properties of
SS-containing AAS with a 20 mm thickness, and the corresponding minimum RL and ef-
fective bandwidth are summarized in Figure 14b. The results indicate that SF did not im-
prove the microwave-absorbing properties of AAS; the main absorption frequency range
remained between 3.5 and 5 GHz. Specifically, B-S50-6 exhibited relatively better micro-
wave-absorbing properties than the other samples, with a minimum RL of -30.97 dB and
0.44 GHz effective bandwidth. Theoretically, the incorporation of SF improves the dielec-
tric loss and magnetic loss capacities of AAS due to its good conductivity and ferromag-
netism [42]. The synergistic effect of these two mechanisms is generally beneficial for en-
hancing the microwave-absorbing properties. Specifically, as a highly conductive func-
tional filler, SF can effectively enhance electrical conductivity. Under an external electro-
magnetic field, free electrons undergo directional drift within the fibers, generating con-
duction currents that dissipate electromagnetic wave energy. In addition, the ferromag-
netic nature of SF gives rise to hysteresis loss and eddy current loss, which convert elec-
tromagnetic energy into heat energy under an alternating electromagnetic field. However,
the observed counterintuitive result may stem from the following aspects: (1) the fre-
quency range of the measurement targeted the low-frequency region (0.1-5 GHz), which
does not cover the main frequency band where SF exerts its enhancement effect; (2) B-S50
already exhibited effective microwave-absorbing properties without any absorber addi-
tion, and the incorporation of SF may have disrupted the interfacial impedance matching;
and (3) SF may not have formed a favorable match with the appropriate design thickness
of AAS, leading to enhanced interface reflection.

(b)
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2 3 4 5 0 2 4 6 8 10
Frequency/GHz Dosage of SF/%

Figure 14. Microwave-absorbing properties of B-550 with various SF dosages: (a) RL value; and (b)
minimum RL and effective bandwidth.

(3) Effects of thicknesses on microwave-absorbing properties

Figure 15a and Figure 15b show the microwave-absorbing properties of B-550 and B-
550-6 at 5-30 mm thickness, and the corresponding minimum RL and effective bandwidth
were displayed in Figure 15c and Figure 15d, respectively. It can be observed that the
minimum RL and effective bandwidth of B-550 and B-550-6 exhibit distinctly different
thickness-dependent behaviors. Compared with B-550, the B-S50-6 shows a lower RL and
wider effective bandwidth across multiple thickness ranges, especially at thicknesses of 5
mm, 15 mm, and 25 mm. Specifically, the minimum RL is -18.35 dB with 0.45 GHz band-
width at 5 mm thickness; these values are —18.84 dB and 0.13 GHz at 15 mm, and -23.50
dB and 0.39 GHz at 25 mm. Based on the above analysis, the effective microwave-absorb-
ing properties of the SS-containing AAS without SF depends on specific thickness condi-
tions. In contrast, after SF incorporation, the increased dielectric and magnetic loss capac-
ities provided by SF enable effective microwave absorption across multiple thicknesses,
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thereby improving the flexibility of AAS material thickness design in practical engineer-
ing applications.
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Figure 15. Microwave-absorbing properties of optimal sample with different thicknesses: (a) B-S50;
(b) B-S50-6; and (c,d) minimum RL and effective bandwidth of B-550 and B-S50-6.

3.7.3. Mechanisms of Microwave Absorption

The loss and attenuation mechanisms of microwaves in cementitious matrices are
diverse. The resistivity measurement and Cole—Cole plot analysis are effective methods
for elucidating the microwave attenuation mechanisms. A matrix with good conductivity
can generate an induced magnetic field opposite to an external magnetic field, thereby
canceling out the microwave energy. The increase in SS dosage significantly reduces the
resistivity of AAS (see Figure 16a). As the SS content increased to 70% or even 90%, the
matrix resistivity dropped sharply from 200.4 Q3-m (50% SS) to 78.3 and 33.8 Q-m, respec-
tively, with an inflection point observed in the resistivity curve, indicating that the mini-
mum percolation threshold for forming a conductive network in the matrix had been es-
sentially reached. This can be attributed to the large amount of Fe-bearing mineral phases
(e.g., Fe20s and Fes3Os), which act as conductive particles and significantly promote the
formation of the conductive network in AAS. Li et al. [38] investigated the microwave-
absorbing properties of an SS-containing geopolymer, and the results showed that the
significant promoting effect of SS on the microwave-absorbing properties of the geopoly-
mer. On the other hand, SF can serve as a bridge connecting conductive particles and sim-
ilarly reduces the resistivity to a great extent (see Figure 16b), establishing an electronic
conduction mechanism in addition to the ionic conduction mechanism provided by SS.
According to free electron theory [44], good electrical conductivity is an important pre-
requisite for dielectric loss. Therefore, both SS and SF collectively enhance the dielectric
loss capacity of AAS.
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The Debye model is commonly used to describe the polarization mechanisms of mi-
crowave-absorbing materials, and the semicircles observed in the Cole—Cole plots provide
a basis for revealing the polarization mechanisms of AAS [45], as shown in Figure 16c,d.
The incorporation of SF in SS-containing AAS led to significantly increased complexity of
the Cole—Cole plots, and more semicircles were observed. These phenomena indicate that
B-550-6 underwent more Debye relaxation processes than B-S50, thus exhibiting distinct
dielectric relaxation characteristics. Bai et al. [46] suggested that irregular curves in Cole-
Cole plots are associated with polarization mechanisms such as dipole polarization and
interfacial polarization. According to Maxwell’s electromagnetic theory [47], free charges
at the interface between conductive fibers and the matrix undergo polarization relaxation
under an alternating electric field. This may explain the irregular curves observed in the
Cole-Cole plot of B-550-6.
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Figure 16. Resistivity and Cole-Cole plots: (a,b) Cole-Cole plots for B-550 and B-S50-6; and (c,d)
resistivity for B-S50 and B-550-6.

3.8. Discussion

This study proposes an eco-friendly design method for AAMs and systematically in-
vestigates their mechanical properties, workability, shrinkage characteristics, microstruc-
ture, and microwave-absorbing properties. SS, as a typical industrial solid waste, has at-
tracted extensive attention from researchers [48,49]; however, its utilization in AAMs re-
mains insufficiently comprehensive. This study found that the partial replacement of BFS
with a low SS dosage does not significantly impair the mechanical properties of AAS (es-
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pecially at 28 days), mainly because SS provides additional Ca? and OH- for the BFS hy-
dration, thereby promoting the formation of hydrates. Additionally, the fast-setting char-
acteristic of AAS is highly detrimental to its practical engineering applications. Conven-
tional AAS often fails to meet the workability requirements of actual projects in terms of
initial and final setting times, necessitating the addition of various retarders to mitigate
this fast-setting behavior [50]. However, using SS as a replacement precursor material in
AAS substantially prolongs the setting time, offering a valuable design strategy for novel
AAS. Furthermore, this study found that using SS as a 50% replacement precursor for BFS
in AAS significantly alleviates the poor volume stability commonly observed in conven-
tional AAS. Relevant studies have indicated that employing low-reactivity or inert pre-
cursors is an effective means of reducing the drying shrinkage of AAMs [30,38], and the
conclusions drawn in this study are consistent with those findings.

A series of analytical methods, including XRD, TG/DTG, and SEM/EDS, were con-
ducted to characterize the microstructure of SS-containing AAS in this study. The results
show that C—(A)-S-H and N-A-5-H are the main hydrated gel products that constitute
its microstructure. Ghafoor et al. [51] suggested that C—(A)-S-H and N-A-S5-H are the
hydrates in high- and low-calcium AAM systems, respectively, and that they can coexist
in a blended system. In this study, the Ca content in SS is higher than that of BFS (see
Table 1), providing additional Ca?" sources for the AAM system. To clearly identify the
effect of SS on the chemical composition of gel products in AAS, more than 40 EDS points
(all targeting typical gel morphologies) were selected in B-S0 and B-S50 for elemental sta-
tistics, and their Si/Ca and Al/Ca ratios were calculated, as shown in Figure 17. The statis-
tical results show that the incorporation of SS reduced the Si/Ca and Al/Ca ratios of the
gel products. Shi et al. [52] believed that a decrease in the Si/Ca ratio leads to reduced
crystallinity of the gel products, thereby affecting their micromechanical properties.
Therefore, the chemical composition of the precursor materials (especially the relative
contents of calcium, silicon, and aluminum) is a key factor that must be prioritized when
designing the properties of AAMs.
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Figure 17. EDS point analysis: (a) Si/Ca vs. Al/Ca ratios; and (b) chemical compositions of gel hy-

drates.

Imparting good conductivity to a material is an important way to achieve micro-
wave-absorbing properties [53]. However, the impedance design at the interface must be
considered to avoid direct reflection of microwaves at the interface [54]. In interface im-
pedance design, it is usually necessary to balance the four electromagnetic parameters of
the material to maintain a balance between the input impedance and the impedance of
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free space. For AAS systems, the real part of the complex permittivity is generally in the
range of approximately 5-7 (see Figure 12a). A high permittivity typically requires an in-
crease in the material’s permeability to achieve good impedance matching. The large
amount of Fe-bearing mineral phases provided by SS helps to increase the permeability
of AAS, thereby optimizing the interface impedance performance. However, for many
wave-absorbing materials used in building structures as reported in existing studies
[55,56], the tested frequency band is almost exclusively 2-18 GHz, which makes it difficult
to accurately evaluate the civilian core frequency bands such as FM broadcasting, 3G, 4G,
and 5G communications. A previous work systematically investigated the microwave ab-
sorption functionality of geopolymer binders, and reported that the optimal sample
achieved a minimum RL of -41.06 dB with a bandwidth of 0.50 GHz. These data are almost
at the same level as those obtained in the present study, which fully demonstrates the
performance advantages of the novel AAS proposed in this work [35]. On the other hand,
SF, as a common reinforcing and toughening fiber, can not only alleviate the poor volume
stability of AAS but also further improve its microwave-absorbing properties. Based on
the findings in Section 3.7.3, it is believed that SF provides multiple microwave loss mech-
anisms for SS-containing AAS and promotes effective absorption of microwaves under
thin thickness. Notably, the high electrical conductivity of SF brings about a Faraday cage
effect, which introduces shielding characteristics. Therefore, achieving a balance between
impedance matching and loss capacity is essential to obtain the desired microwave-ab-
sorbing properties. From a material perspective, the eco-friendly design method for
AAMs proposed in this study only requires the combination of SS and SF to endow AAS
with effective microwave absorption capability. From a design perspective, the incorpo-
ration of SF reduces the dependence of SS-containing AAS on a single design thickness,
facilitating flexible material design to meet the requirements of various building compo-
nents.

4. Conclusions

This study proposes an eco-friendly design method for AAMs. Based on the investi-
gation of their mechanical properties, workability, and shrinkage characteristics, their mi-
crowave-absorbing properties were developed. The following conclusions can be drawn:

(1) The negative effect of SS on the compressive strength of AAS is mainly observed in
the early-age hydration. The complexation reaction between BES and the alkaline ac-
tivator is the primary factor contributing to the early-age compressive strength, while
the mineral phases in SS gradually participate in the hydration reaction at later
stages. As the SS dosage is less than 50%, its adverse effect on strength is relatively
limited.

(2) The incorporation of SS reduced the fluidity of AAS, but this reduction was signifi-
cantly alleviated as the SS dosage exceeded 30%. Owing to the low reaction charac-
teristic of SS, its presence lowered the early-age reaction rate of AAS, thereby mark-
edly prolonging its setting time.

(3) With increasing SS dosage, the 28 d drying shrinkage of AAS first increased and then
decreased. The main reason is that an appropriate SS dosage helps improve the pore
structure and reduce the number of connected pores, thereby lowering the capillary
pressure during water evaporation. Among them, B-S50 exhibited the lowest 28 d
drying shrinkage of 778 pe.

(4) The dissolution and hydration of SS provide additional Ca* and OH- to the AAS
system, thereby promoting the hydration of BFS. As the SS dosage increases, the
amounts of C—(A)-S-H and N-A-S5-H in the AAS system first increase and then de-
crease. As the SS dosage exceeds 50%, the hydration reaction rate decreases signifi-
cantly, and the number of microcracks in AAS is markedly reduced.

https://doi.org/10.3390/ma19132761


https://doi.org/10.3390/ma19132761

Materials 2026, 19, 2761 20 of 22

(5) The Fe-bearing mineral phases in SS can serve as conductive fillers to significantly
increase the conductivity of AAS, enhance dielectric loss, and achieve effective mi-
crowave-absorbing properties at a 20 mm thickness. SF not only further increases the
conductivity but also provides additional electromagnetic loss mechanisms, reduc-
ing the thickness dependence of AAS and enabling effective microwave absorption
across multiple thickness ranges.
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