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Abstract: The optimal proportion of alkali-activated steel slag-slag cementitious materials is investi-
gated by considering the combined effects of steel slag content, alkali content, water glass modulus,
and water-binder ratio using the Box-Behnken design in response surface methodology. Qualitative
and semi-quantitative analyses of X-ray diffraction (XRD) patterns and scanning electron microscopy
with energy-dispersive spectroscopy (SEM-EDS) images are conducted. The microstructural mech-
anism is elucidated based on the chemical composition, surface morphology, and microscale pore
(crack) structures of the samples. A microreaction model for the alkali-activated steel slag and slag is
proposed. The optimal composition for alkali-activated steel slag—slag cementitious materials is as
follows: steel slag content, 38.60%; alkali content, 6.35%; water glass modulus, 1.23; and water-binder
ratio, 0.48. The strength values predicted by the response surface model are p1; = 32.66 MPa,
p74 = 50.46 MPa, and pyg; = 56.87 MPa. XRD analysis confirms that the compressive strength of the
sample is not only influenced by the amount of gel formed, but also, to a certain extent, by the CaCO3
crystals present in the steel slag, which act as nucleation sites. The SEM-EDS results confirm that the
gel phase within the system comprises a hydrated calcium silicate gel formed through the reaction of
volcanic ash and geopolymer gel formed through geo-polymerization. Analysis of the pore (crack)
structure reveals that the compressive strength of the specimens is primarily influenced by porosity,
with a secondary influence of the pore fractal dimension.

Keywords: steel slag; slag; response surface methodology; optimal proportion; microreaction model

1. Introduction

China’s steel industry is currently experiencing robust growth with an annual produc-
tion of over 1 billion tons of crude steel. Consequently, substantial amounts of smelting
waste such as steel slag and ore slag are generated [1,2]. The disposal of emitted waste
residues through the open-air stacking method not only occupies a substantial land area
but also poses the risk of hazardous substances leaching into the soil and groundwater,
thereby causing significant ecological damage [3,4]. The composition of slag resembles that
of cement, with its glassy SiO; and Al,O3 components exhibiting commendable reactivity
when subjected to activators. This has led to significant advances in the production of
cementitious materials. Currently, the slag recycling rate in China exceeds 80%, demon-
strating significant advancements in this field [5,6]. Compared to slag, steel slag has lower
hydraulic activity and higher hardness, leading to greater energy consumption during
grinding. In addition, it exhibits poor volumetric stability. The recycling rate in China is
currently less than 30%, which is significantly less than countries such as the United States,
Japan, and Germany, where recycling rates are close to 100% [7].

Buildings 2024, 14, 1204. https://doi.org/10.3390/buildings14051204

https://www.mdpi.com/journal /buildings


https://doi.org/10.3390/buildings14051204
https://doi.org/10.3390/buildings14051204
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/buildings
https://www.mdpi.com
https://doi.org/10.3390/buildings14051204
https://www.mdpi.com/journal/buildings
https://www.mdpi.com/article/10.3390/buildings14051204?type=check_update&version=1

Buildings 2024, 14, 1204

2 of 25

Extensive research has been conducted on alkali-activated cementitious materials
incorporating steel slag to enhance their recycling and utilization efficiencies. Sun et al. [8]
employed a modulus of 1.5 for water glass to activate steel slag and compared it with
Portland cement with a water—binder ratio of 0.45. The investigation revealed that alkali-
activated steel slag exhibits a similar hydration process and resulting products to cement.
However, owing to the lower degree of hydration in alkali-activated steel slag, its strength is
only 30-40% of that of cementitious paste. Sun et al. [9] utilized CO; to carbonize steel slag,
resulting in the formation of carbonated steel slag (CSS). The physicochemical properties of
CSS have been comprehensively characterized and the influence of the mix proportions on
the strength of alkali-activated carbonated steel slag (AACSS) mortar investigated. It was
observed that the 28-day strength of AACSS mortar varied between 0.52 and 12.13 MPa,
depending on the mix proportions employed. Peng et al. [10] utilized water glass to
activate the cementitious properties of steel slag and slag. Compressive strength tests
were conducted through single-factor experiments, complemented by X-ray diffraction
(XRD) and scanning electron microscopy (SEM) microscopic analyses, to investigate the
material proportions and hydration characteristics. It was observed that a ratio of 4:6 for
steel slag to slag, combined with the addition of 6% water glass and 1% retarding agent
resulted in cementitious materials with strength comparable to that of ordinary Portland
cement (42.5 R). Zhou et al. [11] employed steel slag as the primary raw material and blast
furnace slag as the modifying agent. In addition, water glass with a modulus of 1.5 and
4% NayO was added for alkali activation. By testing the hydration process, microstructure,
and compressive strength of this alkali-activated composite material, it was discovered
that the blast furnace slag produced more Si-O-5i bonds in the gel and refined the pore
structure, which significantly increased the compressive strength of the material. Based
on the comprehensive findings from the aforementioned studies, it can be inferred that
the low reactivity of steel slag results in a relatively low strength when subjected to alkali
activation. However, the performance of steel slag and slag can be mutually enhanced
by alkali activation, leading to more thorough hydration reactions [12,13]. Consequently,
composite cementitious systems with desirable mechanical properties can be prepared by
carefully selecting appropriate proportions and ratios.

Currently, the optimization methods for material blending mainly consist of single-
factor experiments and orthogonal experiment optimization. Single-factor experiments
can only investigate the effect of a single variable on the experimental results. However,
the performance of materials is usually influenced by multiple factors collectively, which
means that single-factor experiments cannot comprehensively consider these factors to
obtain the optimal blending ratio. Orthogonal experiment design collects comprehensive
factor influence data efficiently with relatively fewer test runs, thus revealing the optimal
combination of multiple factor levels. However, this method is limited to the analysis
of discrete data, possessing certain limitations in terms of precision and predictive capa-
bility. Response surface methodology involves the construction of a nonlinear model to
achieve a high-precision regression equation. This method comprehensively considers the
interactions between various factors and determines the optimal ratio through reasonable
predictions [14]. The mechanical properties of alkali-activated steel slag-slag cementitious
materials are influenced by multiple indices such as the main material content, alkali con-
tent, and water glass modulus. These factors may interact with each other, and considering
them individually or in pairs may not be sufficient to accurately predict material perfor-
mance. Further research is required on the microreaction mechanisms and microstructure
models. This study aims to investigate the optimal mix proportions of alkali-activated
steel slag—slag cementitious materials under the combined influence of steel slag content,
alkali dosage, water glass modulus, and water-binder ratio using the response surface
methodology. Furthermore, qualitative and semi-quantitative analyses of the microscopic
test results are conducted to propose a microreaction model for the alkali-activated steel
slag—slag cementitious materials.
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2. Materials and Methods
2.1. Materials

The steel slag used in the experiment was converter steel slag with a 28-day activity
index of 70%; the slag used in the experiment was blast furnace slag with a 28-day activity
index of 109%. The slag exhibited a higher level of activity. The main chemical compositions
of the two materials are listed in Table 1.

Table 1. Main chemical compositions of steel slag and slag (%).

Category Fe, O3 SiO; Al,O3 MgO SO; MnO P,05 Na,O TiO,
Steel slag 18.60 18.31 6.37 5.49 - 2.84 1.28 - 1.05
Slag - 25.04 12.91 6.80 2.19 0.26 - 0.49 1.26

The XRD patterns of the steel slag and slag are displayed in Figure 1. The XRD pattern
of the slag exhibits a diffuse distribution without distinct peaks, except for gehlenite (C,AS),
indicating its high glass phase content and strong reactivity. Conversely, the XRD pattern
of the steel slag reveals multiple crystal types including abundant C,S5, C35, and RO phases.
In this context, C,S and C3S refer to dicalcium silicate and tricalcium silicate, respectively,
which are also present in cement clinker. This indicates that steel slag possesses certain
cementitious properties. The RO phase is a solid solution formed by divalent oxides such
as CaO, MgO, FeO, and MnO during the steelmaking process. In addition, the prolonged
storage of steel slag for over a year causes a chemical reaction between free calcium oxide
(f-CaO) and moisture as well as the CO, present in the ambient air. This leads to the
formation of CaCO3, which is manifested as an observable peak of CaCOs.

o- G,AS A-Si0, -GS
m- CaCO, RO %G8

Steel slag

10 20 30 40 50 60 70
20/(°)

Figure 1. XRD pattern of steel slag and slag.

The alkaline activator used in the test was prepared by blending liquid water glass
with NaOH particles. The purity of the NaOH exceeded 96%; the chemical composition
of the water glass can be found in Table 2. The water glass modulus was adjusted to the
desired range (approximately 0.8-1.6) by adding NaOH, which refers to the ratio of SiO,
to NayO in the solution. Equation (1) was used to calculate the modulus of 100 g of water
glass [15].

Table 2. Chemical composition and physical parameters of water glass.

Category SiO, Na,O H,O Module Baume Degree
Water glass 27.27% 8.32% 58.2% 3.2 39
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N = (Y1/60.09)/(X1/61.98 + M/80), 1)

where N represents the adjusted modulus of water glass; M represents the mass of NaOH
to be added (g); Y7 represents the content of SiO; in 100 g of water glass (27.27 in this test);
and X; represents the content of Na,O in 100 g of water glass (8.32 in this test).

2.2. Experimental Design

Single-factor tests were conducted to study the effects of different steel slag contents,
alkali contents, water glass modulus, and water-binder ratios on the compressive strength
of specimens at different ages. The specific proportions are as shown in Table 3. The steel
slag content refers to the substitution of steel slag for a portion of slag as a cementitious
material, with the sum of the two being 100%. The alkali content, as an external admixture,
is defined as the ratio of the alkali mass to the total mass of steel slag and slag.

Table 3. Single-factor experiment design.

Experimental Ratio

Change
Factor Slag Steel Slag Alkali Modulus Water-Binder
Content Content Content Ratio

80% 20% 6% 12 05

70% 30% 6% 1.2 0.5

Steel slag 60% 40% 6% 12 05

content 50% 50% 6% 12 0.5

40% 60% 6% 12 0.5

60% 40% 4% 12 05

60% 40% 6% 1.2 0.5

Alkali 60% 40% 8% 12 0.5

content 60% 40% 10% 12 0.5

60% 40% 12% 1.2 0.5

60% 40% 6% 0.8 0.5

60% 40% 6% 1 0.5

Water glass 60% 40% 6% 12 05

modulus 60% 40% 6% 14 0.5

60% 40% 6% 1.6 0.5

60% 40% 6% 1.2 0.4

60% 40% 6% 12 0.45

_Water- 60% 40% 6% 12 0.5

binder ratio 60% 40% 6% 12 0.55

60% 40% 6% 1.2 0.6

A four-factor, three-level test was designed based on the above single-factor test results.
The four factors were the steel slag content (X;), alkali content (X;), water glass modulus
(X3), and water-binder ratio (X4). Each factor was represented by three levels (-1, 0, and
1). The response variables chosen for evaluation were the compressive strengths at 1 day;,
7 day, and 28 day denoted as Yj, Y5, and Y3, respectively. The design factors and test levels
are listed in Table 4.

Table 4. Test factors and levels.

Level
Factor Parameter
-1 0 1
Steel slag content (%) X1 30 40 50
Alkali content (%) X2 4 6 8
Water glass modulus X3 1.0 1.2 14

Water-binder ratio Xy 0.45 0.50 0.55
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2.3. Methods

Figure 2 illustrates the experimental procedure. Initially, NaOH granules are dissolved
in water, and a certain amount of water glass is added to mix thoroughly to prepare the
alkali activator, which is then set aside after standing at room temperature. Subsequently,
the weighed steel slag powder and slag powder are mixed for 30 s in a mortar mixer,
and the prepared alkali activator and water are incorporated into the mixture. The mixer
is started to gently stir for 2 min, followed by a pause for 15 s and then a rapid stir for
another 2 min. Thereafter, the well-mixed slurry is poured into the test mold for casting
and shaping. After demoulding, the specimens are cured to the specified age. Finally, the
cured specimens at the required age are subjected to compressive strength testing, XRD
analysis, and SEM examination.

e — - e —————— -~

Steel slag NaOH Water glass 1

L 3 M-H

Compressive strength test

Figure 2. Test procedure.

Cubical samples with dimensions of 40 x 40 x 40 mm were used for the compressive
strength tests. The prepared alkali-activated steel slag—slag slurry is poured into a triple
test mold in two installments and vibrated to shape. After curing for 24 h in a standard
box at a temperature of 20 &+ 2 °C and a humidity of no less than 95%, the molds are
removed. The specimens continue to be cured in the standard box until the desired age,
after which compressive strength testing is conducted using a YAW-300 fully automatic
pressure machine. Specimens for measuring the compressive strength at 1 day were
stripped for 2 h in advance.

Three parallel specimens were poured for each ratio. To avoid excessive test errors
affecting the reliability of results, the value of compressive strength was carried out accord-
ing to the standard JGJ /T 70-2009 Standard for test method of performance on building
mortar [16]. R; and R, are defined as the discrimination coefficients, and the value method
is judged according to Equations (2) and (3). When R; is equal to or lesser than 15%, the
arithmetic mean value of the three parallel specimens is taken as the compressive strength
value for that group. When R; exceeds 15% and R; is equal to or lesser than 15%, the
middle value is taken as the compressive strength value for that group. If R, exceeds 15%,
the test for that group is invalidated, and new specimens should be cast.

Ry = max{(fmax — finid)/ fmia, (fmia — fmin)/ finia }- ()
Ry = min{(fmax — fuid)/ fmidr (fmia — fmin)/ fmia }- 3)
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where fmax, fmid, and fmin refer to the maximum, middle, and minimum values of the three
specimens, respectively, in MPa.

The scanning electron microscope (JSM-7610F Plus) produced by Zeiss in Oberkochen,
Germany, is used for SEM tests. The specimens cured to the specified age were broken, and
the fragments in the central position were soaked in anhydrous ethanol to terminate the
hydration. Finally, the SEM test samples were prepared by drying in an oven at 60 °C to
constant weight. XRD was performed using a device manufactured by Rigaku Corporation,
located in Tokyo, Japan, known as the Smart Lab X-ray powder diffractometer. The sample
preparation process was the same as that for the SEM samples; however, they required
grinding into a powder before conducting the test.

3. Optimization of Mechanical Properties by Response Surface Methodology

The response surface method is a statistical method which obtains certain data by a
reasonable experimental design method, using a multiple quadratic regression equation to
fit the functional relationship between factors and response values, and seeks the optimal
process parameters by analyzing the regression equation to solve the multi-variable prob-
lem [17,18]. The Box-Behnken experimental design is a commonly used trial design method
in response surface optimization, providing a multi-factor, three-level experimental design
and its analysis. This method uses a multi-variable quadratic equation to fit the functional
relationship between factors and response values, and seeks the optimal process parameters
through the analysis of the regression equation to solve multi-variable problems [14,19].

The mechanical properties of steel slag—slag cementitious materials mainly refer to
their strength after solidification and hardening. The steel slag content, alkali content, water
glass modulus, and water-binder ratio all influenced the compressive strength of the stone
bodies during the test process. To achieve an optimal mix design, the mechanical properties
of the materials were optimized using the Box-Behnken design within the framework of the
response surface methodology. The influencing factors were identified as steel slag content,
alkali content, modulus of water glass, and water—binder ratio; the 1-day, 7-day, and 28-day
compressive strengths were considered as response values. A quadratic regression model
was established based on the experimental outcomes.

3.1. Single Factor Test

Analyzing the influence patterns of the different factors on the intensity facilitates the
identification of suitable level factors for subsequent optimization experiments. Figure 3
displays the variation in the compressive strength under the influence of different factors,
where the error bar reflects the population standard deviation. In this context, the steel
slag content represents the proportion of steel slag used as a partial replacement for slag,
with a combined total of 100%. In addition, the alkali content, as an external admixture,
represents the ratio of the mass of the alkali to the total mass of the steel slag and slag.

To analyze the change in the compressive strength, R, was introduced as an indicator
for measuring the rate of strength alteration in Equation (4).

RP = (pm2 - pml)/Pmlr 4)

where py;1 is the compressive strength corresponding to the first two adjacent ratios (MPa);
Pm2 is the compressive strength corresponding to the latter of the two adjacent ratios (MPa).

The reactivity of the steel slag used in the experiments was lower than that of the slag.
Consequently, in a steel slag—slag cementitious material system, a higher proportion of
steel slag leads to the production of fewer hydrated cementitious materials. This results
in a reduction in the compressive strength of the specimens, as indicated in Figure 3a. It
is worth noting that when the steel slag content increases from 30% to 40%, the 28-day
compressive strength of the specimens increases from 52.56 MPa to 53.27 MPa, and the
compressive strength increased by around 1.35%. This phenomenon could be attributed
to the higher CaCOj3 content in the steel slag, which provides more nucleation sites in the
system, facilitating the formation of hydrated gels and resulting in a modest increase in the
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compressive strength [20,21]. As the steel slag content continues to increase, the compen-
sation effect of the CaCQOj crystals gradually becomes less than the strength loss caused
by the reduction in slag, resulting in a continuous decline in strength. The microscopic
principle of the effect of steel slag content on compressive strength is indicated in Figure 4.
When the steel slag content is low, as in Figure 4a, the content of the highly active slag in the
system is high, which is conducive to the formation of a large amount of gel and improves
the compressive strength of the specimen. With an increase in the steel slag content, the
amount of gel produced in the system gradually decreases, resulting in a decrease in the
compressive strength. However, when the steel slag content is appropriate, as indicated in
Figure 4b, the CaCOs crystals in the steel slag provide nucleation sites for the growth of the
gel, which can promote hydration and marginally increase the compressive strength. In the
case of excessive steel slag content, as indicated in Figure 4c, although the CaCOj crystals
in the system can provide nucleation sites to promote gel formation, the low slag content
results in insufficient system activity. Consequently, the synthesized gel is reduced, which
leads to a continuous decrease in the compressive strength of the specimen. In Figure 3a,
the change rate of strength at different curing ages reveals a significant decrease in strength
when the steel slag content increases from 40% to 50%. This decline in strength indicates a
sudden decrease in performance. Consequently, when considering the design factor, it is
advisable to designate 40% as the central level value for steel slag content and assign 30%
and 50%, respectively, as the low-level and high-level values for this factor.

70 60
E=l1day —=— Rp of 1 day E—J1day —=—Rpoflday 150
60k —e—Rp of 7day |10 ~50 22 7 day —e—Rp of 7 day
= —a— Rp of 28 day £ [ 28 day —— Rp of 28 day
= = 1100
~ 50 ________ 0 N
= <40+
on on
840 g B S
@ *1OE % 30 50 7
230 < 2 <
£20 20 g 20
: M- B 0
“ 10 O 10
=30
0 0 =50
20 30 40 50 60 6 8 10 12
Steel slag content (%) Alkali content (%)
(a) (b)
40 1
60 —=— Rp of | day 70 E Jiday —=—Rpoflday 0
—e— Rp of 7 day 60 7 day —e—Rpof7day
s —A— Rp of 28 day 130 . I 28 day —s— Rp of 28 day
£ 50 = -—-----q1 --------4 0
g’ 20 g %0
%40 5
5 g B4 105
% s 2 S
z 30 SR &
E 0 8 -20
gzo £20
jo} o
“ 10 -10 -
10 _30
0 -20 0 = -
1 1.2 1.4 1.6 0.45 0.5 0.55 0.6
Water glass modulus Water—binder ratio
(©) (d)

Figure 3. Variation law of compressive strength at different factors: (a) steel slag content; (b) alkali
content; (c) water glass modulus; (d) water-binder ratio.
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(©)

Figure 4. Microscopic principles illustrating influence of steel slag content on strength: (a) small
amount of steel slag; (b) moderate amount of steel slag; (c) excess steel slag. (The short red curve
represents the gel; the blue square represents the CaCOj crystal).

The pH of the system increases with increasing alkali content. This, in turn, dis-
rupts the Si-O-Si and Al-O-Si bonds in steel slag cementitious systems. The [SiO4]*~
and [AlO4]°~ species formed subsequently undergo aggregation into a three-dimensional
network structure under the influence of strong alkali. The three-dimensional network
structure is combined with Ca?* and Na* in solution to form N-A-S-H and C-A-S-H
geopolymers, which enhance the compressive strength of the stone body [22-24]. As indi-
cated in Figure 3b, the compressive strength of the stone body exhibits a consistent upward
trend with an increase in the alkali content for 1 day. However, at a concentration of 6%,
there is a notable inflection point in the compressive strength observed at both 7 day and
28 day, indicating an initial increase followed by subsequent decline. The increase in the
alkali dosage directly increases the pH value of the slurry, which improves the hydration
rate of the vitreous in the steel slag and slag, resulting in a significant increase in the early
compressive strength. In terms of compressive strength at 7 day and 28 day, insulfficient al-
kalinity is exhibited by the slurry with an alkali content less than 6%, leading to incomplete
disintegration of the steel slag and slag. Consequently, a decrease in the strength results
from the solidification process. Therefore, it is imperative for the alkali content to increase
proportionally to enhance compressive strength. When the alkali content exceeds 6%, the
rate of hydration product formation is accelerated by an increase in alkali concentration,
leading to uneven diffusion. Consequently, localized weak areas with a limited distribution
of hydration products are formed, resulting in a decrease in the compressive strength.
Moreover, further reactions between the steel slag and slag are impeded by the encasement
of hydration products on the particle surfaces, resulting in incomplete reactions. Therefore,
as the alkali content continues to increase, the strength decreases [25,26]. An analysis of the
variation rate in compressive strength reveals that an increase in alkali content from 6% to
8% leads to a decrease in the rate of change for 1 day from 145.82% to 6.8%. In addition, the
rates at 7 day and 28 day transition from positive to negative values. Notably, there is a
significant decline in the rate of change at each age, indicating substantial fluctuations in
compressive strength before and after an alkali content of 6%. Therefore, when designing
the experimental factors, it is recommended to consider an alkali content of 6% as the
central level value, considering levels of 4% and 8% as low and high levels, respectively.

Water glass exhibits a double-layered structure comprising an amorphous mSiO; core,
as depicted in Figure 5 [27]. The surface of the core is characterized by the adsorption
of H3SiO*~ ions, with a certain amount of Na* being adsorbed in the compact layer
and another portion distributed within the diffusion layer. Furthermore, there is also
distribution of OH™ on the outer side of the diffusion layer [28]. The activation effect
of water glass can be influenced by both high and low moduli. A thin double electric
layer structure is caused by a high modulus, resulting an insufficient number of Na* and
OH™ ions to activate the steel slag and slag, leading to a decreased compressive strength
of the stone body. Conversely, a thick double electric layer structure is caused by a low
modulus and excessive OH™ ions rapidly hydrate the active substances in the system,
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forming gel that adheres to the surface of steel slag and slag particles, thereby hindering
further hydration reactions [29,30]. Based on Figure 3c, the compressive strength of the
stone body at 1 day gradually improves as the modulus of the water glass increases.
However, beyond a water-glass modulus exceeding 1.2, the strengthening effect is less
pronounced. The compressive strength of the stone body at 7 day and 28 day demonstrates
an initial increase, followed by a subsequent decrease, with a turning point observed at
a water-glass modulus of 1.2. When the water-glass modulus is less than 1.2, a higher
concentration of Na* and OH™ ions is exhibited by the solution, resulting in the formation
of a thicker double layer that rapidly hydrates and adheres to the active substance on the
surface of the steel slag. This adhesion hinders further hydration reactions. However,
with an increase in the water-glass modulus, this adhesion effect is weakened, thereby
promoting more complete hydration reactions. When the modulus exceeds 1.2, during the
initial stage, due to an adequate concentration of OH™ ions in the solution, stimulation is
provided to the active substance within the system. Nevertheless, as time progresses and
the ion concentration becomes insufficient, the stimulation decreases, leading to reduced
compressive strength. Consequently, with an increase in the modulus value beyond this
point, gradual thinning of the double layer formed by the water glass can be observed.
The analysis of the variation rate in compressive strength reveals that as the water-glass
modulus is increased from 1.2 to 1.4, the rate of variation at 1 day decreases from 27.25%
to 2.4%, whereas the rates of strength variation at both 7 day and 28 day transition from
positive values to negative values. This phenomenon indicates a substantial fluctuation in
the compressive strength of the specimens around a water-glass modulus of 1.2. Therefore,
when designing the experimental factors, a water-glass modulus of 1.2 should be regarded
as the central value, with values of both 1.0 and 1.4 being considered as low and high levels
for this factor, respectively.

Dense| Diffusion

layer layer

Core Double layer

Figure 5. Schematic structure of water glass bilayer [29,30].

The compressive strength of stone bodies is significantly influenced by the water—
binder ratio, which is a critical parameter. The participation of water molecules in hydration
reactions is hindered by a low water-binder ratio, resulting in glass phase particles being
unable to engage in the reaction and adversely influencing the compressive strength of
stone bodies. Conversely, excessive free water distribution among gels occurs owing
to an excessively high water-binder ratio, leading to a loose structure of stone bodies
and consequently reducing their compressive strength [31]. Therefore, in the design and
fabrication of stone structures, it is essential to control the water-binder ratio to ensure
appropriate moisture content, thereby improving the compactness and enhancing the
compressive performance of the stone body. With an increase in the water-binder ratio,
the compressive strength of stone specimens at different ages, as depicted in Figure 3d,
exhibits a declining trend, indicating that the progressive augmentation of free water
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within the system results in a more porous structure of stone bodies. The change rate of
the compressive strength at each age fluctuates significantly when the water-binder ratio
increases from 0.5 to 0.55, indicating that the compressive strength of the stone body at each
age changes significantly before and after the water-binder ratio of 0.5. When designing
the level factor, a water—binder ratio of 0.5 should be considered as the central level value,
with 0.45 and 0.55 being used as the low and high values for this factor, respectively.

3.2. Optimization of Mechanical Properties by Response Surface Methodology
3.2.1. Response Surface Equation Establishment and Variance Analysis

The current study was conducted using a Box-Behnken design; three sets of central
experiments were conducted, comprising 27 groups. The detailed experimental results
are presented in Table 5. The test results were subjected to quadratic regression fitting
and surface variance analysis using Design-Expert 11.0 software. The equations obtained
from the fitting process, along with the results of the variance analysis, are presented in
Table 6. In the fitting equation, a high level of correlation was indicated by an R? value
approaching one, implying that the model achieved an acceptable fit. Moreover, a higher
level of significance in the model was indicated by a larger F-value and a smaller p-value.
Specifically, results were considered significant when p < 0.05, and extremely significant
when p < 0.0001. As indicated in Table 6, the R? values of Models 1, 2, and 3 are 0.98, 0.97,
and 0.97, respectively. Furthermore, all three regression models demonstrate high signifi-
cance (p < 0.0001), thereby substantiating the rationality and dependability of the regression
model employed to analyze the influence of the four factors on compressive strength.

Table 5. Response surface test results.

Steel Slag Alkali Water— Compressive Strength (MPa)
Number o o Modulus . .

Content (%)  Content (%) Binder Ratio P14 Prd P2sd
1 40 6 12 0.5 27.04 47.01 56.27
2 40 6 1.2 0.5 31.63 47.38 52.68
3 40 6 1.2 0.5 29.94 50.38 55.31
4 40 6 1 0.45 21.12 34.44 50.06
5 40 4 1.2 0.55 7.52 22.90 34.09
6 40 6 14 0.45 28.79 40.01 47.27
7 30 8 12 0.5 30.02 43.21 44.25
8 50 6 1.2 0.45 24.56 32.82 46.79
9 40 8 1.2 0.45 31.08 43.10 50.19
10 40 6 1 0.55 18.30 32.38 36.44
11 40 4 1 0.5 5.54 22.10 32.23
12 50 6 1.2 0.55 15.40 30.59 38.03
13 40 4 12 0.45 9.15 29.52 42.44
14 30 6 1.2 0.45 31.26 50.26 52.32
15 30 6 1.2 0.55 23.58 37.09 43.19
16 50 6 1 0.5 12.25 27.10 33.69
17 50 6 14 0.5 22.71 36.60 40.15
18 40 4 14 0.5 11.61 26.06 38.79
19 50 8 12 0.5 20.28 27.10 35.63
20 40 8 1 0.5 20.29 31.13 40.06
21 30 4 12 0.5 13.50 30.88 34.65
22 30 6 1 0.5 21.10 38.97 42.95
23 40 8 1.2 0.55 22.44 29.22 30.92
24 50 4 12 0.5 6.34 23.88 30.83
25 30 6 14 0.5 30.06 43.46 44.25
26 40 8 14 0.5 27.69 32.34 33.69
27 40 6 14 0.55 22.08 31.21 40.73
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Table 6. Fitting equation and model variance analysis.
Model Equation R? F p
Y; = —653.29208 + 2.53633X; + 39.98542X, + 320.8375X3 + 1278.21667X4 — 0.03225X; X, +
1 0.1875X1 X3 — 0.74X1X4 + 0.83125X,X3 — 17.525X,X, — 97.25X3Xy — 0.032471X;2 — 0.98 416  <0.0001
2.23677X,2 — 110.92708X32 — 1087.83333X,2
Y, = —997.20208 + 0.300917X; + 54.19875X, + 549.45417X3 + 2261.53333X, —

2 0.113875X1 Xp + 0.62625X1 X3 + 5.47X1 Xy — 1.71875X,X3 — 18.15X, Xy — 168.5X3Xy — 0.97 333  <0.0001

0.045654X12 — 3.0326X,2 — 195.88542X32 — 2247.166667X42
Y3 = —729.72625 + 4.53908X; + 61.32333X, + 387.5X3 + 1222.38333X, — 0.06X1 X, +
3 0.645X1 X3 + 0.185X; X, — 8.08125X,X3 — 27.3XpXy + 177X3Xy — 0.066871X;% — 0.97 241  <0.0001

2.88927X,2 — 187.23958X32 — 1387.83333X,2

3.2.2. Analysis of Variance for Influencing Factors

The analysis of variance results for each influencing factor are presented in Table 7.
The significance test conducted on the coefficients of the py, fitting model reveals highly
significant effects for the first-order terms (p < 0.0001). Among the quadratic terms, X, and
X532 exhibit highly significant effects; X;2 and X42 exhibit significant effects. The remaining
terms do not indicate any significant effects (p > 0.05). The degree of influence of the
four factors on py, is indicated by the F-value: alkali content > steel slag content > water
glass modulus > water—binder ratio. The significance test of the coefficients of the fitted
model for py; indicated that the effects of X, X, X4, X52, X532, and X% were extremely
significant, X3, X1 X3, X1X4, and X12 were significant, and the remainder were not significant.
The degree of influence of the four factors on py; is indicated by the F-value: steel slag
content > alkali content > water-binder ratio > water glass modulus. A significance test
for the pygy fitting model coefficients revealed significant effects of X4, X12, X52, and X32.
X1, X2, X2X3, X2X4, and X42 were significant, whereas the remainder were not significant.
The degree of influence of the four factors on pyg; is indicated by the F-value: water—binder
ratio > steel slag content > alkali content > water glass modulus. In addition, the excellent
reliability of the three equations is confirmed by the insignificance of the lack of fit.

Table 7. Analysis of variance for influence factors.

P1a P7d P28a
Source
F-Value p-Value F-Value p-Value F-Value p-Value
X1 64.52 <0.0001 95.23 <0.0001 25.83 0.0003
Xz 269.93 <0.0001 56.70 <0.0001 9.14 0.0106
X3 55.10 <0.0001 12.22 0.0044 1.73 0.2127
Xy 37.62 <0.0001 48.12 <0.0001 83.64 <0.0001
X1Xp 0.5597 0.4688 5.48 0.0373 1.34 0.2695
X1X3 0.1892 0.6713 1.66 0.2223 1.55 0.2370
X1 Xy 0.1842 0.6754 7.90 0.0157 0.0080 0.9304
Xp X3 0.1487 0.7065 0.4993 0.4933 9.73 0.0087
XXy 413 0.0648 3.48 0.0867 6.94 0.0218
X3Xy 1.27 0.2814 3.00 0.1089 292 0.1134
X2 18.91 0.0009 29.36 0.0002 55.51 <0.0001
Xp? 143.58 <0.0001 207.25 <0.0001 165.80 <0.0001
X532 35.31 <0.0001 86.47 <0.0001 69.63 <0.0001
X2 13.27 0.0034 44 .45 <0.0001 14.94 0.0022
Lack of fit 0.4621 0.8344 1.13 0.5572 1.29 0.5129

The extent of the influence exerted by the interaction effects on the response value is
effectively illustrated by the response surface and contour plot. A steeper surface slope and
denser distribution of contour lines indicate a more pronounced influence of this interaction
on the response value, thereby enhancing its significance [32]. No significant interaction
effect was observed among the factors based on the results of the p1; variance analysis. The
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individual effects for each factor were highly significant, whereas their interaction effects
were inadequately reflected, which could be attributed to the intense nature of the early
hydration reactions. Through py,; variance analysis, a significant interaction was discovered
between the steel slag content and alkali content, as well as between the steel slag content
and water-binder ratio. Figure 6 indicates that when all other factors are held constant at
their central values, the combined effect of the two factors significantly influences py;. Based
on the findings depicted in Figure 6a, a saddle-shaped trend characterized by an initial
increase followed by a subsequent decrease as the alkali content increases is demonstrated
when maintaining a constant steel slag content. Conversely, p7; gradually decreases as
the steel slag content increases with fixed alkali content. Notably, at an alkali content of
approximately 6%, py; attains its maximum value at the minimum steel slag concentration.
Based on the findings illustrated in Figure 6b, a gradual increase is exhibited by py; as
both the steel slag content and water—binder ratio decrease. Notably, when the minimum
values are reached, the maximum value of py; is attained. Through p,g; variance analysis, a
significant interaction was discovered between the water glass modulus and alkali content,
as well as between the alkali content and water—binder ratio. Figure 7 displays the influence
of the interaction between the two factors on p,g; while holding all other variables constant
at their central values. The variation in p,g; with increasing water glass modulus under
fixed alkali content conditions is displayed in Figure 7a, which indicates a saddle-shaped
trend. Similarly, a saddle-shaped variation in p,g, is also induced by an increase in the
alkali content when the water glass modulus remains constant. At a water glass modulus
of approximately 1.2, the maximum value of p,g; is reached near an alkali content of 6%.
Based on the findings depicted in Figure 7b, when the alkali content is held constant, a
gradual decrease in p,g; is observed as the water-binder ratio increases. Conversely, when
the water-binder ratio remains constant, a saddle-shaped curve is formed as p,g; initially

increases and then decreases with increasing alkali content. The maximum value of pyg; is
attained near an alkali content of 6% at the minimum water-binder ratio.

R
2%
LRIARLTRLL
(LR

Compressive strength at 7 day (MPa)

Figure 6. Changing law of p7; under interaction: (a) steel slag content and alkali content; (b) steel
slag content and water-binder ratio.
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Figure 7. Changing law of pyg; under interaction: (a) alkali content and water glass modulus; (b) alkali
content and water-binder ratio.

3.2.3. Response Surface Optimization Results and Validation

Through the utilization of response surface methodology, the optimal design pa-
rameters and corresponding response values can be obtained by optimizing the material
proportions. Because of the importance of the compressive strength in the early, middle,
and late stages of the stone body, it is desirable for the response values p14, py4, and pogy
to be maximized within the range of material proportions. One hundred recommended
schemes were generated. To enhance the recycling rate of the steel slag, we adopted a high
steel slag content and large response value principle based on an optimal solution. Refer-

ring to Figure 8, we identified the optimum composition as follows: a steel slag content

of 38.60%, an alkali content of 6.35%, a water glass modulus of 1.23, and a water-binder
ratio of 0.48. The predicted outcomes demonstrate that the compressive strength achieves
values of 32.66 MPa, 50.46 MPa, and 56.87 MPa at 1 day, 7 day, and 28 day, respectively.

[ [ N U I B

30 50 4 8 1 1.4 0.45 0.55
Steel slag content = 38.60 % Alkali content =6.35 % Module =1.23 ‘Water-binder ratio = 0.48
5.54 31.63 221 5038 30.83 56.27
P1a=32.66 MPa P72=50.46 MPa Posa=56.87 MPa

Figure 8. Optimal combination ratio and response value. (The red dots represent the variable values,

and the blue dots represent the response values.)

Based on the convenience of construction, the optimal combination ratio mentioned
above could be cumbersome in practical implementation. Therefore, in this study, a steel
slag content of 40%, alkali content of 6%, water glass modulus of 1.2, and water-binder
ratio of 0.5 were selected as the ideal ratios. The results from the three sets of experiments
were compared with the values predicted from the response surface model; the results
are presented in Figure 9. Based on Figure 9, the maximum discrepancies between the
experimental and model-predicted values are 8.28%, 4.57%, and 3.6% for the three sets,
respectively. Notably, the maximum error of p1; remains within a reasonable range of 10%,
whereas both py; and pyg; exhibit remarkably low errors, less than 5%. These findings
strongly suggest that the response surface model exhibits exceptional accuracy in predicting

results when compared with experimental data, thus demonstrating its practicality for
material proportion design.
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Figure 9. Comparison of experimental values with model-predicted values.

4. Microscopic Mechanism

The compressive strength of stone bodies is closely related to the chemical bonding and
filling density of the particles. Therefore, it is of significance to investigate the relationship
between the compressive strength and hydration product content, in addition to pore
volume, to reveal its micromechanism.

After a comprehensive study of the mechanical properties, it was observed that the
steel slag content and alkali content significantly influenced the compressive strength at
1 day, 7 day, and 28 day. The influence of the water glass modulus on the compressive
strength was relatively minor, whereas the water—binder ratio exhibited a substantial effect
at 28 day. Investigations into the influence mechanism of the water—binder ratio on the
compressive strength of diverse cementitious materials have reached a considerable level
of maturity. Therefore, this section examines the influence of steel slag content and alkali

content on the microstructure of stone bodies. The micro-test proportions are listed in
Table 8.

Table 8. Micro-test proportions.

Number Steel Slag (%)  Alkali (%)  Water Glass Modulus =~ Water-Binder Ratio

20 20 6 1.2 0.5
S40 (A06) 40 6 1.2 05
S60 60 6 1.2 0.5
A04 40 4 1.2 0.5
A08 40 8 1.2 05

4.1. XRD

The XRD patterns of the selected optimal mix ratios at different ages are displayed
in Figure 10a. It is evident that SiO,, CaCOj3, C,S, and Al,O3 are detected in the 1-day
sample, primarily originating from the steel slag. Compared to the 1-day sample, peaks
corresponding to C;S, S5iO,, and Al,Os are not observed in the 7-day and 28-day samples.
Instead, weak C-A-S-H and N-A-S-H peaks appear at 31.4° and 60.9°, respectively. This
phenomenon can be attributed to the dissolution of SiO; and Al,O3 in the sample under
alkaline conditions, which then combine with the Ca?* and Na* ions present in the system.
Consequently, these components polymerize into a stable network structure forming a
geopolymer gel. Because of its amorphous nature, only broad but short peaks are observable
in the spectrum. Furthermore, during the hydration reactions, C,S actively participates in
generating the calcium silicate gel (C-S-H) gel.
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Figure 10. XRD analysis of different ages: (a) XRD pattern; (b) peak intensity integral and compres-
sive strength.

The variation in the integrated intensity of the XRD diffraction peaks can partially
characterize the alteration in the material composition, and establishing a correlation with
the macroscopic mechanical strength can facilitate a more profound understanding of the
reaction mechanism underlying the materials [33]. The strength of alkaline-activated steel
slag—slag materials primarily originates from two sources: the hydration gel resulting from
the volcanic ash reaction and the geopolymer formed through geopolymerization. Among
these, the quantity of hydration gel generated by the pozzolanic reaction is relatively
small and exhibits strong dispersibility in the spectrum, which is not necessarily readily
discernible in the XRD spectra. Consequently, the primary focus was to compare the
integration of the geopolymer peak intensity with variations in the uniaxial compressive
strength. In addition, because CaCQOj3 is the highest peak in the XRD spectrum and can
serve as a nucleation site for cementitious materials to provide strength in the system,
the integrated intensities of the CaCOs3 and geological polymer diffraction peaks were
compared with the uniaxial compressive strength of the corresponding samples at different
ages, as indicated in Figure 10b. Based on the diagram, no readily apparent diffraction peak
of the geopolymer can be observed at a curing age of 1 day. The compressive strength of
the sample at this stage is mainly provided by the gel formed by the volcanic ash reaction.
C-A-S-H and N-A-S-H gels are formed in the system during curing periods of 7 day and
28 day. As the curing period increases, the amount of polymer gel formed gradually
increases. This is consistent with the variation pattern of the uniaxial compressive strength
of the samples at different curing ages, indicating that the strength changes of the samples
with different curing ages depend primarily on the geopolymerization reaction process. In
addition, the peak intensity integral of CaCOj3 changes only minimally in the early stage,
yet increases significantly after 28 day of curing, which is likely due to the fact that more
CaO in the system is converted into CaCO3 under the action of alkali and CO; in the later
stage. It is worth noting that there is no readily apparent correlation between the peak
intensity integration and age change trend, indicating that the content of CaCOj3 has a small
influence on the compressive strength of the samples in this case.

The XRD patterns of samples with varying steel slag contents after 28 day are displayed
in Figure 11a. It can be observed that a predominantly dispersed distribution is visible in
the XRD spectrum when the steel slag content reaches 20%. Only one peak of CaCO3 and a
minor C-A-S-H peak can be observed. This phenomenon can be explained by the fact that
owing to lower steel slag content in the system, the volcanic ash reaction mainly occurs
to generate C-S-H gel and undergoes a geopolymerization reaction under strong alkaline
conditions to form C-A-S-H gel. When the steel slag content is 40%, compared to the S20
group, the XRD spectrum reveals the presence of N-A-S-H gel. This can be attributed to a
reduction in the slag content, resulting in decreased active substances within the system
and subsequently reducing gel formation from the volcanic ash reaction. Consequently, the
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increased participation of Ca*, silicate ions, and aluminate ions in the geopolymerization
reactions leads to the emergence of N-A-5-H and a higher abundance of C-A-5-H. When the
steel slag content reaches 60%, in addition to the presence of a CaCOj3 peak and C-A-S-H
phase, a significant abundance of RO phase and SiO; can also be observed in the spectrum.
This can be attributed to the excessive steel slag content resulting in an augmented presence
of the unreacted RO phase and SiO, crystals within the system. Based on the results
displayed in Figure 11b, it is evident that an increase in steel slag content from 20% to
40% leads to a significant enhancement in the peak integration of CaCOs3;. However, when
the steel slag content further increases from 40% to 60%, the subsequent increase in peak
integration of CaCO3 becomes relatively marginal. This phenomenon can be attributed to
the higher proportion of slag present in the S20 samples, where a substantial amount of
Ca?" reacts with active SiO,, forming a C-S-H gel that impedes subsequent carbonation
reactions. Consequently, within this particular group of samples, the CaCO3 primarily
originates from the steel slag. Conversely, both the steel slag and carbonation pathways
contribute to the formation of CaCOj3 in the 540 and S60 groups, resulting in a significantly
higher diffraction peak intensity than that observed for the 520 group. The integral of
the peak strength of the geopolymer exhibits an initial increase followed by a subsequent
decrease with increasing steel slag content, whereas the compressive strength of the samples
demonstrates a marginal decline followed by a sharp reduction. This disparity can be
attributed to the fact that in this case, the compressive strength of the samples is determined
by both the generated hydration gel and geopolymer. When the steel slag content is 20%,
the system exhibits elevated levels of active SiO, and Al,O3, with the strength primarily
attributed to gels formed through volcanic ash reactions. However, at steel slag contents
of 40% and 60%, there is a decline in active components within the system, leading to a
reduction in the compressive strength of the samples. Notably, Group S40 experiences a
relatively minor decrease in strength compared with the significant decrease observed in
Group 560. This phenomenon can be ascribed predominantly to the increased formation of
geopolymers within Group 540. In addition, CaCOj in the 540 group provides nucleation
sites for the formation of hydrated gel and has a supporting role in enhancing the strength
of the specimens. However, in the S60 group, owing to the low slag content, the quantity
of gel generated from the volcanic ash reaction is limited and the presence of CaCOs
crystals also has a limited promoting effect on the strength growth (as indicated in Figure 4).
Therefore, the 28-day strength of the specimens is influenced by the combined effects of the
hydration gel, polymer gel, and CaCOj crystal content at different steel slag blending ratios.
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Figure 11. XRD analysis of different steel slag contents: (a) XRD pattern; (b) peak intensity integral
and compressive strength.

Figure 12a displays the XRD patterns of samples with varying alkali contents. The
figure indicates that at an alkali content of 4%, the spectrum predominantly exhibits SiO,,
CaCO;3, C-A-5-H, and RO phases, which primarily originate from steel slag. When the alkali
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content is 6% and 8%, in comparison to Group A04, the peaks of SiO, and RO are absent
in the spectrum, whereas there is an increase in the peaks of N-A-S-H. This phenomenon
can be primarily attributed to the incomplete dissolution of SiO; and RO phases in steel
slag due to the low alkali content, as well as the influence of low alkali concentration on
reactions involving volcanic ash and geopolymerization. Consequently, in the A04 group
with lower alkali content, a high concentration of Ca®* is observed, primarily accompanied
by the C-A-S-H gel peak. Meanwhile, the A06 and A08 groups with sufficient alkali content
exhibit both C-A-5-H and N-A-5-H gel peaks.
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Figure 12. XRD analysis of different alkali contents: (a) XRD pattern; (b) peak intensity integral and
compressive strength.

Based on the results displayed in Figure 12b, the integrated intensity of the CaCOj3
diffraction peak indicates a continuous increase with increasing alkaline content. This
phenomenon can be attributed to the facilitation of OH~ and Ca?* combination within
the system due to the alkali addition, leading to the formation of Ca(OH),. Subsequently,
this compound reacts with atmospheric CO,, generating CaCOj3. In addition, as the alkali
dosage increases, the diffraction peak intensity of the gel gradually increases, followed
by a subsequent decrease. This observation aligns with the trend observed in the com-
pressive strength variations, suggesting that the compressive strength of the sample is
predominantly influenced by the quantity of gel formed within the system.

4.2. SEM
4.2.1. Morphology and Energy Spectrum Analysis

Scanning electron microscopy (SEM) enables the observation of the microstructure
and morphology of samples. Samples with low strength often have loose microstructures
with a large number of pores or cracks, and they are also more prone to developing pores
and cracks during the vacuum process. The scanning electron microscopy with energy-
dispersive spectroscopy (SEM-EDS) images of the 540 group samples at different ages
are displayed in Figure 13. An analysis of Figure 13a reveals the presence of numerous
pores and formation of loosely structured hydrated gels in the composition of the samples
during the initial 1-day period. Based on the energy spectrum analysis, the predominant
constituents identified at Point 1 include Ca, Si, Al, and Mg. Based on the XRD analysis
findings, it can be inferred that the material present at this location corresponds to unreacted
steel slag particles. In Figure 13b, small cracks and a dense gel are discernible. Energy
spectrum analysis reveals that Point 2 primarily consists of Ca and Si, exhibiting a Ca-Si
atomic ratio of 1.2, Na-Si ratio of 0.19, and Si—Al ratio of 2.18. Based on these findings,
it can be inferred that the substance is a double silicon-aluminum-type (-Si-O-Al-O-5i)
geopolymer. The reactions are represented by Equations (5)—(7). Under highly alkaline
conditions, active SiO, and Al,O3 dissolve and condense to form an N-A-S-H geopolymer.
In addition, within this system, Ca?* ions partially replace Na* through ion exchange,
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resulting in the formation of an (N, C)-A-S-H geopolymer [34,35]. However, an excessive
amount of Ca?* leads to a decreased degree of polymerization of (N, C)-A-S-H, transforming
into a low-polymerized C-A-5-H geopolymer instead [36,37]. It can be inferred that during
the initial stages, the sample primarily undergoes a volcanic ash reaction resulting in the
formation of a loose C-S-H gel and abundance of pores within the system. This leads to a
decrease in the compressive strength of the stone body. However, as the curing progresses,
a geopolymerization reaction occurs within the system, yielding a substantial amount of
dense geological polymer gel. This process further refines the pore structure and enhances
the compressive strength of the stone body. These findings are in acceptable agreement
with the XRD results.
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Figure 13. SEM-EDS images of 540 group at different ages: (a) 1 day; (b) 28 day.
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The SEM-EDS images of samples with varying steel slag contents after 28 day of curing
are presented in Figure 14. From Figure 14a, it can be observed that at a steel slag content
of 20%, the sample surface exhibits a dense morphology without any discernible porous
structure, accompanied by scattered C-S-H gel resulting from the volcanic ash reaction.
The energy spectrum of Point 3 indicates that the predominant components at this location
are Ca and Si with a Ca-Si atomic ratio of 1.19, Na-Si ratio of 0.38, and Si—Al ratio of 2.51.
Compared with the 540-28d group displayed in Figure 13b, there is a marginal decrease in
the Ca-Si ratio, whereas an increase can be observed in both the Na-Si and Si—Al ratios
within this sample. These findings suggest that this point represents a compact system
formed through the intricate interweaving of geological polymers and hydrated calcium
silicate gel with a heightened affinity for binding Na+ ions in the generated (N, C)-A-S-H
geopolymer matrix. Consequently, this sample exhibits superior uniaxial compressive
strength compared to that of the 540-28d group. Based on the results in Figure 14b, it can
be concluded that when the steel slag content reaches 60%, the surface of the specimen
appears as a loose structure containing a large number of pores after curing for 28 day. The
energy spectrum at this point indicates the predominant presence of Ca and Si, exhibiting
a remarkably high atomic ratio of 1.93 between the Ca and Si. It is postulated that this
particular point could represent a composite resulting from the adhesion of the C-S-H gel
formed through the volcanic ash reaction along with CaCOj3 particles originating from the
steel slag. By observing the microstructures of the samples with different steel slag contents,
an increase in the steel slag content can be observed resulting in a gradual increase in the
number of pores within the sample, leading to a more porous structure and subsequently
causing a decrease in compressive strength.

Element  Wt%  At%
Ca C 592 10.61
(] 3814 513
Na 4.88 4.57
Mg 2.88 255
Al 597 4.76
Si 15.6 11.95
Ca 26.44 142
Fe 0.18 0.07
Total 100 100
FeFe  Au Au Au
4 6 8 10 12
Energey(keV)
Element Wt% At%
C 8.7 15.21
€] 41.81 5488
Na 1.72 1.57
Mg 17 147
Al 325 2.53
Si 10.57 79
Ca 29.13 1526
Fe 3.12 1.17
Total 100 100
l;e Fe Au  Au Au
6 8 10 12

Energy(keV)

(b)
Figure 14. SEM-EDS images of different steel slag content: (a) S20-28d; (b) S60-28d.



Buildings 2024, 14, 1204

20 of 25

The SEM-EDS images of samples with different alkali contents after 28 day of curing
are displayed in Figure 15. An analysis of Figure 15a reveals the emergence of a multitude
of cracks of varying size, on the surface of the sample when the alkali content is 4%.
The spectrum obtained at Point 5 indicates a predominance of Ca and Si, with a Ca-5i
atomic ratio of 0.94, which is similar to that of hydrated calcium silicate. Therefore, it
can be inferred that this point corresponds to the C-S5-H gel formed by the volcanic ash
reaction, which can encapsulate and bond steel slag particles that are difficult to react
with [38]. However, owing to their inherently low strength and weak structural nature,
cracks of varying size could appear in the sample [39,40]. Based on the observation results
in Figure 15b, a small number of cracks appeared in the sample structure when the alkali
content was 8%. This phenomenon can be attributed to an excessive concentration of alkali,
which accelerates the rate of hydration reaction and impedes timely diffusion, leading to
an uneven distribution of hydration products and ultimately resulting in crack formation.
Based on the energy spectrum analysis of Point 6, elements such as Ca, Si, Na, and Al
predominantly comprise this particular location. Notably, the Ca-Si atomic ratio is 0.83,
which aligns with the composition of the C-S-H gel. Furthermore, a Si—Al ratio of 2.08
and Na-Si ratio of 0.82 suggest the presence of a double silicon-aluminum-type N-A-
S-H geopolymer formation. Consequently, it can be inferred that Point 6 represents a
combination of the C-S5-H gel formed through the volcanic ash reaction and N-A-S-H gel
generated via geopolymerization reaction.

Element Wt% At%
C .16 17.7
[¢] 49.15 5853
Na 236 1.96
Mg 137 1.07
Al 409 289
Si 1349 915
Ca 18.13  8.62
Fe 026 0.09
Total 100 100
Fepe  Au AU Au
4 6 8 10 12

Energy(keV)

Element Wt%  At%
C 10.48 16.9
[} 4411 5342
Na 8.77 739
Mg 227 1.81
Al 5.86 42
Si 1268 875
Ca 1491 721
Fe 0.92 0.32

Total 100 100

FeFe  Au Au Au
6 8 10 12
Energy(keV)

(b)
Figure 15. SEM-EDS images of different alkali content: (a) A04-28d; (b) A08-28d.

4.2.2. Pore (Crack) Gap Structure

The Particle and Crack Image Recognition and Analysis System V2.3 (PCAS) is soft-
ware designed specifically for the identification and quantitative analysis of pore and crack
systems. The system can automatically identify different types of pores and cracks in
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images and can obtain statistical parameters of microscopic pores (cracks) [41]. The PCAS
system was used to perform binarization processing on a 2000-times magnified scanning
electron microscope image; the processed results are displayed in Figure 16. In this figure,
the white areas represent pores or cracks. After careful examination of the diagrams, it
can be deduced that a porous structure is shown by graphs depicting a shorter curing age
in Figure 6a and a higher steel slag content in Figure 16c, whereas a fissure structure is
exhibited by the remaining three graphs. This observation suggests that loose microstruc-
tures characterized by numerous pores are exhibited by components with lower strength,
whereas dense microstructures with minimal cracks are exhibited by components with
higher strength. The relationships among the porosity, fractal dimension, and compressive
strength of the specimens are displayed in Figure 17. The graph indicates an inverse cor-
relation between the porosity and compressive strength. The fraction with high porosity
generated less gel, which made the internal structure of the stone loose, resulting in low
compressive strength. This indicates that the level of porosity is a direct factor affecting
the compressive strength of the sample. The fractal dimension of the pores serves as a
quantitative measure for assessing the level of complexity within pore systems, where a
higher fractal dimension signifies a more intricate pore distribution throughout the system.
Figure 17a,b show that the fractal dimension of the pores has a similar variation trend with
the compressive strength, indicating that the fractal dimension of the pores may also affect
the compressive strength of the specimen to some degree. However, according to Figure 17c,
it is found that as the amount of alkali added increases, the fractal dimension of the pores
also increases, but the compressive strength of the specimen follows a pattern of initial
increase and then decrease, with the change in compressive strength mainly corresponding
to the porosity. This observation suggests that changes in the compressive strength are
primarily influenced by the porosity; the pore fractal dimension follows suit.

(d)

20
Y porosity [ Fractal dimension

20 2
D7) porosity == Compressive strength
mpressive strength 50 BB Fractal dimension

Compressive strength (MPa)
¢ strength (MPa)

Porosity (%)
Porosity (%)
Fractal dimension

Fractal dimension

Compressiv

110

20

Figure 17. Comparison of porosity, fractal dimension, and strength: (a) ages; (b) steel slag content;
(c) alkali content.
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5. Discussion

The alkali-activated steel slag-slag cementing material has the potential to replace
cement and has been widely studied by scholars in recent years. The active silica and
alumina content in steel slag is lower than that in slag, and the addition of steel slag will
theoretically reduce the compressive strength of the sample. However, this study found
that the addition of suitable steel slag can improve the strength to a certain extent, and
Song et al. [42] and Shi et al. [43] also reached the same conclusion. The presence of this
phenomenon is due to the high content of insoluble materials, primarily calcium carbonate,
within the steel slag. These substances serve as nucleation sites, thereby mitigating the
strength loss that results from the contraction of the gel. In addition, combined with
the microscopic tests and the studies of Liu et al. [39] and Wang et al. [40], it can be
inferred that the strength of the alkali-activated steel slag—slag cementitious materials
primarily originates from the formation of C-S-H gel through the volcanic ash reaction and
geopolymer gel via the geopolymerization reaction. At present, there are few reports on the
microscopic reaction process of the alkali-activated steel slag-slag cementitious materials
system. Based on the strength variation, micro-products, and microstructural changes
of the above-mentioned cementitious materials, and referring to the MgO-solidified soil
model proposed by Cai et al. [44], a microreaction model for alkali-activated steel slag
and slag is presented in Figure 18. After the introduction of alkaline activators and water
into the steel slag-slag system, soluble substances dissolve within the steel slag—slag
matrix, whereas the insoluble substances act as nucleation sites for gel growth, providing
strength assistance to the system. In this system, under the action of alkaline activators, the
dissolved active SiO, undergoes a volcanic ash reaction to generate C-S-H gel. Under highly
alkaline conditions, the remaining active SiO, and Al,Oj3 react to form silicate [Si(OH)4]
and aluminate [AI(OH)4]~ [45]. With increased curing time, [Si(OH);] and [AI(OH)4] ™ in
the system undergo agglomeration reactions with alkali metal cations such as Na* and Ca?*,
resulting in the formation of geopolymer gels. These gels subsequently bond with the early
formed C-5-H gels, constructing a compact structural network to achieve alkali-activated
gel materials characterized by high density and strength.

Water and [Si(OH)4] or [AI(OH)4]~
alkali activator €-5-H
are added

Insoluble particles
in steel slag

Curing

Insoluble

Steel slag ~ Slag particles  particles in slag
particles

s A®,) Bonding and
hardening

Figure 18. Schematic diagram of alkali-activated steel slag-slag microreaction.

6. Conclusions

The influence of the steel slag content, alkali content, water glass modulus, and water—
binder ratio on the compressive strength of alkali-activated steel slag—slag cementitious
materials was systematically investigated in this study using a single-factor experimen-
tal approach. Appropriate levels of factors were selected based on the outcomes of these
individual experiments, and the mechanical properties of the cementitious material were op-
timized using the Box-Behnken design in response surface methodology. The experimental
findings obtained from XRD and SEM-EDS were comprehensively analyzed qualitatively
and semi-quantitatively, delving into the intricate microreaction mechanisms underly-
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ing these observations. The main conclusions drawn from the experimental results are
as follows.

(1) Individual variations in the four factors manifested diverse patterns of influence
on the compressive strength of the specimen. The variation range of compressive
strength for samples with steel slag content of approximately 40%, alkali content of
approximately 6%, water glass modulus near 1.2, and water-binder ratio near 0.5
was significant, making these values suitable as the central-level value for response
surface methodology. Based on the principle of maximizing steel slag content and
three response values, the optimal mix ratio was determined as follows: a steel slag
content of 38.596%, an alkali content of 6.348%, water glass modulus of 1.227, and
water-binder ratio of 0.476. With these values, the response surface model predicted
that the compressive strength at 1 day, 7 day, and 28 day would be 32.657 MPa,
50.461 MPa, and 56.867 MPa, respectively.

(2) The XRD analysis revealed that the fluctuations in compressive strength among stone
bodies at different curing ages primarily stem from the geopolymerization reaction
process. The 28-day strength of specimens with varying steel slag contents was
influenced by the hydration gel, geopolymer gel, and CaCOj3 content, whereas those
with varying alkali contents were influenced by the former two types of gels.

(3) The SEM-EDS analysis indicated that the gel formed in this system mainly consisted
of C-5-H gel generated by the reaction of volcanic ash and (N, C)-A-S-H gel generated
by geopolymerization. The analysis of pores (cracks) in the binary form indicated that
the change in compressive strength was mainly influenced by porosity, followed by
the pore fractal dimension.

(4) A microreaction model for alkali-activated steel slag—slag cementitious materials was
proposed. This suggested that the process of alkaline activation of steel slag and
blast furnace slag is essentially a combination of volcanic ash and geopolymerization
reactions of active substances in the raw materials under alkaline conditions, resulting
in compact adhesion with insoluble particles.
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