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Abstract

Using solid waste from the non-ferrous metal industry as non-traditional supplementary
cementitious material has attracted increasing attention. In this study, iron-rich slag (IRS)
was incorporated into calcium sulfoaluminate cement (CSC) to improve its properties, and
its strength development and hydration mechanism were systematically evaluated. Three
types of IRS with distinct particle size characteristics were fabricated through mechanical
grinding, and their effects on the strength development and hydration heat evolution
of CSC-based materials were investigated. Furthermore, several solid-phase analysis
methods were employed to characterize the hydration mechanisms and microstructural
characteristics of IRS-containing CSC-based materials. The results show that mechanical
grinding enhances the reactivity of IRS in CSC-based systems, which in turn facilitates the
generation of hydrates like ettringite (AFt), AH3, and C–S–H gel, thereby improving their
strength. The incorporation of IRS effectively decreases the total hydration heat released
by CSC-based materials within 24 h. Furthermore, evidence from EDS analysis suggests
the possible isomorphic substitution of Al3+ by Fe3+ in AFt, which, along with the slower
reaction kinetics of Fe-AFt, may contribute to the improved late-age strength development
of CSC-based materials. This study proposes a sustainable strategy for producing high-
performance CSC-based materials and offers a potential approach for the high-value use of
non-ferrous metal industry solid waste in construction materials, thereby demonstrating
both scientific value and practical engineering significance.

Keywords: iron-rich slag; calcium sulfoaluminate cement; hydration mechanism; mechanical
grinding; sustainability

1. Introduction
Calcium sulfoaluminate cement (CSC) is recognized as a high-performance building

material suitable for marine engineering construction due to its exceptional properties,
including fast setting, high early-age strength, corrosion resistance, and low permeabil-
ity [1–3]. Although its production process offers environmental advantages including low
carbon emissions, low energy consumption, and reduced CO2 footprint—contributing to a
lower environmental burden—the need for large quantities of relatively expensive bauxite
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resources restricts its large-scale application [4,5]. The key characteristics of CSC (such
as fast setting and accelerated strength development) are mainly attributed to the rapid
reaction between calcium sulfoaluminate minerals and gypsum, which forms ettringite
(AFt) as the primary hydrate [6–8]. While CSC demonstrates significant advantages in
applications such as rapid repair and construction under low-temperature conditions, it is
also limited by relatively weak long-term strength development.

The high-volume incorporation of supplementary cementitious materials (SCMs)
offers an important strategy to reduce the preparation cost associated with CSC appli-
cation, significantly contributing to the maximization of environmental benefits [9,10].
Conventional SCMs, such as natural pozzolans, ground granulated blast furnace slag,
and fly ash, have been extensively adopted owing to their high reactivity and low carbon
footprint [9,11,12]. However, their localized availability poses challenges in meeting the
demands of large-scale engineering applications. With the advancement of industrial tech-
nologies, a series of new industrial by-products have emerged, sparking research interest
in their potential use as non-traditional SCMs in cementitious blends [13,14].

Solid waste residues (such as copper, lead, and zinc slags) discharged from the non-
ferrous metal smelting industry have rarely been reported in the existing literature as
SCMs, representing a promising non-traditional SCM [15,16]. Owing to the difficulties in
their utilization, the global annual accumulation of such solid wastes exceeds 200 million
tons [17]. Although the current production volume of these metallurgical slags is relatively
small compared to conventional SCMs, they represent a valuable potential resource in
specific localized regions. A distinctive feature of these slags, compared to traditional
SCMs, is their higher iron content—specifically higher Fe/Ca, Fe/Si, and Fe/Al ratios—
hence being referred to as iron-rich slag (IRS) [18]. This compositional characteristic may
influence their hydration behavior in cementitious systems. Relevant studies indicate
that IRS typically exhibits low pozzolanic reactivity, which may impair the mechanical
properties of cement-based materials [15,19]. Nevertheless, mechanical grinding stands
as one of the most common and straightforward approaches to enhancing pozzolanic
reactivity and is expected to improve the low reactivity of IRS [20,21]. Given the current
trend toward high-volume usage of SCMs in cement clinker, enhancing the pozzolanic
potential of metallurgical slags is highly necessary.

Previous studies have indicated that Fe3+ and Al3+ have comparable ionic sizes and
identical +3 charges, which makes it plausible for Fe3+ to substitute for Al3+ within the AFt
crystal structure without rearranging the lattice. This substitution leads to the generation
of Fe-bearing AFt [22,23]. Therefore, the IRS may affect the properties of cement-based
materials by altering the makeup and amount of AFt in the system. Furthermore, some
studies have proved that the slower formation kinetics of Fe-bearing AFt (compared to Al-
bearing AFt) allow other hydrates (e.g., C–S–H gel) to create a relatively stable framework
within the cement-based materials [24,25]. As the formation and growth of Fe-bearing AFt
gradually slow, the pre-existing skeletal framework can better accommodate induced local
stresses. Based on these findings, it can be inferred that IRS has the potential to mitigate
the formation rate of AFt, playing a positive role in reducing sulfate-induced expansion in
CSC-based materials.

While previous studies have explored the use of IRS in ordinary Portland cement (OPC)
systems, research on its application in CSC-based materials remains relatively limited [17].
Furthermore, the distinct hydration mechanisms and hydration product types of CSC
(compared to OPC) create a compelling need for targeted performance optimization. Bertola
et al. [26] investigated the effect of slag on the properties of CSC and suggested that slag
could enhance early-age strength without compromising long-term performance. However,
CSC inherently exhibits high early-age strength, and a more critical challenge lies in the
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effective regulation of its later-age mechanical and durability properties. To address this
challenge, this study aims to investigate the incorporation of iron-rich solid waste (IRS) into
CSC, with the goal of effectively mitigating its high initial heat release and achieving steady
improvement of later-age performance, which necessitates a comprehensive evaluation of
its properties. In summary, the combined effects of incorporating IRS in CSC-based systems
are relatively complex, and the following research questions need to be clarified: (1) How
does mechanical grinding facilitate the high-volume incorporation of IRS in CSC-based
systems? (2) What is the mechanism by which high-volume IRS influences the strength
development of CSC-based systems? (3) Through which mechanism does IRS affect the
reaction kinetics of CSC-based systems?

To address the aforementioned research questions, three types of IRS with distinct par-
ticle size characteristics were fabricated through mechanical grinding. First, the influences
of various grinding times on the particle size chemical bond reactivity, and morphology of
IRS were investigated. Subsequently, by adjusting the dosages of these IRS (with varying
particle sizes) in CSC-based materials, the changes in strength development and hydra-
tion heat evolution of IRS-containing CSC-based materials were systematically studied.
Finally, through solid-phase analysis and microstructural characterization, the evolution
of hydrates and microstructure in IRS-containing CSC materials was examined, and the
mechanism by which IRS influences the main hydrates of CSC-based materials was further
revealed. This study proposes a sustainable approach for the utilization of CSC-based
materials and offers a potential approach for utilizing solid waste from the non-ferrous
metallurgy industry in construction materials, thereby offering valuable insights for future
research and practical applications.

2. Experimental Method
2.1. Raw Materials

The CSC was manufactured by Zhucheng Jiuqi Building Materials Co., Ltd. (Zhucheng,
China). The chemical and mineral phase compositions of CSC quantified by X-ray fluo-
rescence (XRF) and X-ray diffractometry (XRD), respectively, are summarized in Table 1
and Figure 1. It can be observed that large amounts of ye’elimite (C4A3Š), C12A4, and
C2S minerals exist in the CSC. The basic performance of CSC is displayed in Table 2. The
IRS used in this study originates from a lead–zinc plant, and its chemical and mineral
phase compositions can also be found in Table 1 and Figure 1, respectively. The IRS pro-
duction process included a post-treatment phase at a pilot-scale setup. This entailed a
high-temperature treatment, which was then followed by a water-granulation quenching
step. The ISO standard sand used in this study was supplied by Xiamen Aisiou Standard
Sand Co., Ltd. (Xiamen, China).

Table 1. Chemical compositions of CSC and IRS.

CaO Al2O3 SO3 SiO2 Fe2O3 MgO ZnO K2O MnO

CSC/% 56.09 15.02 16.78 4.51 4.03 1.13 0.02 0.32 0.05
IRS/% 12.09 6.74 4.09 20.30 43.08 1.28 4.52 1.78 1.69

Table 2. Basic performance of CSC.

Fineness/m2·kg−1 Setting Time/min Compressive Strength/MPa
(w/b Raito = 0.42)

Flexural Strength/MPa
(w/b Raito = 0.42)

Initial Final 1 d 3 d 1 d 3 d

40 10 15 37.2 45.1 6.1 6.5
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Figure 1. XRD patterns of CSC and IRS.

2.2. Mechanical Grinding Treatment of IRS

Mechanical grinding was employed to prepare IRS with different particle sizes. The
raw IRS was ground in a ball mill (SM-500) for 10, 20, 30, 60, and 120 min to achieve finer
particle sizes, with the mill operating at a motor speed of 40 r/min.

A laser particle size analyzer (Mastersizer 2000, Malvern Panalytical, Malvern, UK)
was applied to assess the particle size distributions of IRS with different mechanical grind-
ing times. Notably, the IRS specimens underwent ultrasonic dispersion in ethanol for
10 min as a pre-test preparation step. Three types of IRS with representative particle
sizes were derived from the five different grinding times. These IRS specimens with
typical granularity ranging from large to small are denoted as IRS0, IRS1, and IRS2, re-
spectively. The chemical bond activity and morphological characteristics of IRS were
characterized via Fourier transform infrared spectroscopy (FT-IR, iN10, Thermo Fisher
Scientific, Waltham, MA, USA) and scanning electron microscopy/energy-dispersive X-ray
spectroscopy (SEM/EDS, SU8600, Hitachi, Tokyo, Japan and Ultim Extreme, Bruker, Biller-
ica, MA, USA).

2.3. Mix Proportions and Specimens Preparation

The mix proportions were designed to assess the effects on the strength and hydra-
tion process of CSC-based materials incorporating IRS with different particle sizes, as
shown in Table 3. Mortar specimens were fabricated using water-to-binder (W/B) and
sand-to-binder (S/B) ratios of 0.5 and 3, respectively, in accordance with Chinese standard
GB/T 17671-2021 [27]. The fluidity of the mortar specimens was evaluated in compliance
with Chinese standard JC/T 958-2005 [28]. A market-sourced polycarboxylate superplasti-
cizer was used to ensure that the flow spread of all mortar specimens was controlled within
160–180 mm. These mortar specimens were cast into molds (40 × 40 × 40 mm3) and cured
in a standard curing room (20 ± 1 ◦C and 95% ± 2% RH).

Paste specimens were prepared using the same procedure as the mortar specimens.
After curing, the paste specimens were crushed into small pieces and submerged in anhy-
drous ethanol to halt hydration. Then, the small pieces were vacuum-dried at 60 ◦C and
prepared for SEM/EDS observation and mercury intrusion porosimetry (MIP) testing. The
remaining paste was ground into powders that could pass through a 75-µm sieve; these
powders were subsequently prepared for XRD, FT-IR, and TG/DTG tests.
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Table 3. Mixture proportions.

Specimens ID CSC/g IRS0/g IRS1/g IRS2/g Sand/g Water/g

Blank 450 / / / 1350 225
IRS0/20 360 90 / / 1350 225
IRS0/30 315 135 / / 1350 225
IRS0/40 270 180 / / 1350 225
IRS0/50 225 225 / / 1350 225
IRS1/20 360 / 90 / 1350 225
IRS1/30 315 / 135 / 1350 225
IRS1/40 270 / 180 / 1350 225
IRS1/50 225 / 225 / 1350 225
IRS2/20 360 / / 90 1350 225
IRS2/30 315 / / 135 1350 225
IRS2/40 270 / / 180 1350 225
IRS2/50 225 / / 225 1350 225

2.4. Test Method
2.4.1. Compressive Strength Test

Compressive strengths at 3 and 28 d hydration age were determined on mortar
specimens in accordance with the Chinese standard GB/T 17671-2021 [27]. The loading
rate of compressive test machine was set at 2400 N/s. At least six mortar specimens were
measured for each mix proportion, and the final compressive strength results were recorded
by calculating their average value and standard deviation.

2.4.2. Hydration Heat Test

Early age (within 24 h) hydration behavior was investigated using an eight-channel
isothermal conduction calorimeter (TAM Air) at a temperature of 20 ◦C. The binder and
water were mixed in a disposable glass ampoule prior to insertion into the instrument. The
hydration heat data were normalized with respect to per gram of the binder.

2.4.3. Solid-Phase Analyses

Powder specimens for solid-phase analyses were prepared following the procedure
outlined in Section 2.3. Analyses of the solid phase used techniques such as XRD, FT-IR,
and TG/DTG at the specific hydration ages. XRD test was conducted using an X-ray
diffractometer (D8 Advanced) with Cu–Kα radiation. The scanning range was set from 5◦

to 70◦ (2θ) at a speed of 2◦/min. TG/DTG test was performed using a thermal gravimetric
analyzer (STA449F5, NETZSCH, NETZSCH-Gerätebau GmbH, Selb, Germany), with a
temperature range of 30 ◦C to 800 ◦C and rising rate of 10 ◦C/min.

2.4.4. Microstructure Analyses

Small block specimens for microstructure analyses were also prepared following
the procedure outlined in Section 2.3. The microstructure of the paste specimens was
characterized using a SEM integrated with an EDS detector. Before observation, the block
specimens were gold-coated to ensure good surface conductivity. The pore structure
characteristics of specimens were assessed by a MIP (AutoPore IV 9500, Micromeritics
Instrument Corporation, Norcross, GA, USA). The pressure range of MIP analysis is 0.23 to
33,000 psi, and the contact angle is 130◦.
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3. Results
3.1. Physical and Chemical Properties of IRS Treated by Mechanical Grinding
3.1.1. Particle Size Distribution of IRS

Figure 2a,b illustrate the effect of different mechanical grinding times (10, 20, 30, 60,
and 120 min) on the particle size distribution and cumulative particle size distribution of
IRS. The results indicate that the particle size of IRS decreases as grinding time gradually
increases. After grinding for 120 min, the D50 value was reduced to 14.3 µm. It is worth
noting that the grinding efficiency within the first 60 min is relatively high (i.e., the reduction
in particle size per unit time is more significant), whereas beyond 60 min, the efficiency
decreases markedly. This behavior is primarily due to the Fe-rich phase existed in IRS,
which is a mineral that is difficult to grind. Under mechanical grinding, the particle size
of this phase reaches a threshold beyond which further refinement becomes challenging.
Similar findings have been reported in studies by Zhu et al. [29] and Li et al. [30].

   

Figure 2. Particle size distributions of IRS treated with different mechanical grinding time: (a) particle
size distribution, (b) particle size passing, and (c) uniformity and size coefficient.

According to previous studies [30,31], Equations (1) and (2) were adopted to calculate
the uniformity coefficient and size distribution coefficient of IRS particles subjected to
different grinding durations, with the results shown in Figure 2c. It can be observed that
both the uniformity coefficient and size distribution coefficient of the IRS particles increase
to some extent with prolonged grinding time. This indicates that extended grinding
primarily reduces the particle size of the IRS but does not improve the particle uniformity
or optimize the size distribution. This phenomenon may be attributed to the presence of
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significant amounts of refractory phases (e.g., Fe-rich minerals) in the IRS, hindering the
further refinement of certain particles.

X1 = (D90−D10)/D50 (1)

X2 = D90/D10 (2)

where D10, D50, and D90 stand for the 10%, 50%, and 90% of the particle size distribution,
respectively.

To facilitate the exploration of how IRS particle size affects CSC-based materials,
three representative IRS specimens with distinct particle size characteristics were selected
from the five different grinding times: 20 min (D50 = 85.8 µm), 30 min (D50 = 48.9 µm),
and 120 min (D50 = 14.3 µm). These specimens were labeled as IRS0, IRS1, and IRS2,
respectively. Subsequent experiments focused on these three IRS variants with different
particle sizes.

3.1.2. Chemical Bond Activity of IRS

FT-IR was used to characterize the functional groups of IRS0, IRS1, and IRS2, as
illustrated in Figure 3, to investigate their chemical bonding activity. The peaks at around
3440 cm−1 and 1620 cm−1 are attributed to the bending vibrations of O−H and H−O−H
groups, respectively. The intensities of these peaks showed no obvious change as the
grinding time increased, indicating that the chemical bonds associated with O−H and
H−O−H groups remain relatively stable and are not markedly affected by mechanical
forces. In contrast, the strong absorption bands around 930 and 480 cm−1 are mainly
related to the Si−O−T vibrations (where T = Si, Al, or Fe tetrahedral cations) in silicate
and aluminate tetrahedral structures [32,33]. The intensity of these vibrations increased
noticeably with extended grinding, suggesting a decrease in the degree of polymerization
of the silicate and aluminate networks and an increasing disordering of their long-range
structure in IRS under mechanical grinding. Consequently, mechanical grinding enhances
the bond-breaking activity of IRS, leading to improved hydration reactivity.

 

Figure 3. FT-IR analysis of IRS treated with different mechanical grinding time.

3.1.3. Morphological Characteristics of IRS

The morphologies of IRS0, IRS1, and IRS2 were characterized using SEM, as shown in
Figure 4a–c. It can be seen that the particle size of IRS gradually decreases with extended
grinding time. The IRS0 particles exhibit a sub-angular to angular morphology. After
further grinding treatment, the edges of some particles are worn down under mechanical
force, resulting in a gradually smoother appearance. Furthermore, the approximate particle
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size information of the various IRS samples can be roughly estimated from the images,
which is consistent with the observations described in Section 3.1.1.

 

Figure 4. SEM/EDS analysis of IRS treated with different mechanical grinding time (a,d) for IRS0,
(b,e) for IRS1, and (c,f) for IRS2.

The distribution of Fe within the IRS samples was analyzed using EDS, as shown in
Figure 4d−f. The results clearly confirm the presence of a significant amount of Fe-phase
minerals in IRS. Finer particle sizes allow IRS to increase its contact area with water and
cementitious hydrates in CSC-based materials, thereby facilitating the participation of
Fe-phase minerals in the hydration reaction.

3.2. Compressive Strength

Figure 5a,b illustrate the influence of three types of IRS with different particle sizes on
the compressive strength of CSC mortar at 3 d and 28 d. At 3 d, incorporating IRS caused
compressive strength to decline to varying degrees, with the most significant reduction
observed at a 40% dosage. This is primarily attributed to the notably low early-age reactivity
of IRS. The reduction in active components responsible for early strength in CSC (i.e., the
dilution effect) consequently weakens the early-age performance. However, the adverse
effect of IRS2 on the 3 d compressive strength was less pronounced than that of IRS0 and
IRS1. Moreover, when the dosage of IRS2 did not exceed 30%, the compressive strength
of the CSC mortar (IRS2/20: 22.8 MPa; IRS2/30: 22.5 MPa) was almost comparable to
that of the pure CSC mortar (23.4 MPa). At 28 d, the influence of the three types of IRS
on compressive strength showed a trend similar to that at 3 d. Notably, the compressive
strengths of IRS1/20, IRS2/20, and IRS2/30 exceeded that of the pure CSC mortar, reaching
27.5 MPa, 30.2 MPa, and 28.0 MPa, respectively. According to previous studies [25,34], Fe-
bearing minerals facilitate the transformation of AFt into Fe-bearing AFt within CSC-based
materials. Their slower reaction kinetics can effectively mitigate the excessive generation of
AFt. In addition, the finer particle size of IRS2 contributes to a dense packing effect, which
reduces porosity and thereby enhances strength.

The above results indicate that finely ground IRS2 can significantly contribute to the
compressive strength of CSC-based materials. This enhancement is closely associated with
its solid-phase composition and microstructural characteristics. Subsequent studies will
focus on the IRS2/30 mixture to further investigate the underlying factors influencing the
strength development mechanism of CSC-based materials.
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Figure 5. Compressive strength of mortar specimens containing IRS treated with different mechanical
grinding time (a) 3 d, and (b) 28 d.

3.3. Hydration Heat

Figure 6 shows the hydration heat flow and cumulative heat release curves of several
selected paste specimens. From Figure 6a, it can be observed that, except for the pure CSC
paste specimen, all IRS-containing paste specimens exhibit two distinct peaks (namely
Peak I and Peak II). This is because the pure CSC paste contains a significant amount of
C4A3Š, which reacts rapidly with gypsum and lime to form AFt—releasing a substantial
amount of heat during the early hydration stage and thereby resulting in Peak I [35].
Furthermore, the incorporation of IRS reduces the intensity of Peak I and promotes the
formation of Peak II. The primary reason is that IRS dilutes the reactive components in
CSC, thereby weakening the heat release associated with Peak I. Additionally, the Fe-rich
phase in IRS—characterized by slow reaction kinetics—gradually facilitates the formation
of Fe-containing hydrates within 3–6 h, leading to the emergence of Peak II.

Figure 6. Hydration heat of paste specimens containing IRS treated with different mechanical
grinding time (a) heat flow (0–12 h), and (b) cumulative hydration heat (0–24 h).

Figure 6b displays the cumulative hydration heat within the 0–24 h range for sev-
eral selected paste specimens. By comparing the Blank specimen, IRS2/30, IRS2/40, and
IRS2/50, it can be seen that the cumulative heat release decreases as the dosage of IRS2
increases, which is consistent with the heat flow test results. Furthermore, the cumu-
lative hydration heats within 24 h for IRS0/30, IRS1/30, and IRS2/30 are 160.30 J/g−1,
186.39 J/g−1, 189.92 J/g−1, respectively. This trend is because finer IRS particles can expose
more reaction sites, significantly accelerating the release rate of Fe3+, which in turn hastens
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its reaction in CSC-based materials. According to research by Zhang et al. [24], delayed
heat release during hydration can lead to a looser microstructure, thereby preserving a
higher concentration of soluble ions. These high concentrations of ions may contribute to
some extent to compensating for the later-stage microstructure development.

3.4. Solid Phase Analysis
3.4.1. XRD Analysis

The phase composition of paste specimens containing IRS was analyzed using XRD, as
shown in Figure 7. The patterns demonstrate the presence of AFt, AFm, unreacted gypsum,
calcite (CaCO3), and C2S phases.

   

   

Figure 7. XRD analysis (a) 3 d, (b) 3 d (21–33◦), (c) 28 d, and (d) 28 d (21–33◦).

At 3 d, as shown in Figure 7a,b, the incorporation of IRS into CSC led to a reduction
in the peak intensities of almost all hydrates due to the dilution effect. As the primary
early-age hydrate, AFt plays a decisive role in the early strength development of CSC-based
materials [36,37]. It can be seen that the AFt peaks of IRS2/30 are higher than those of
IRS0/30 and IRS1/30, indicating that IRS2 promotes the formation of early-age AFt more
significantly compared to IRS0 and IRS1. Additionally, the peak intensities of CaCO3 and
C2S in these samples showed no significant changes. At 28 d, as shown in Figure 7c,d,
the types of hydrates remained almost unchanged compared to those at 3 d. However,
the AFt diffraction peak intensities of IRS2/30 and IRS1/30 were similar and higher than
that of IRS0/30, suggesting that at later hydration ages, IRS1 promotes the formation of
AFt in CSC-based materials to an extent comparable to that of IRS2. It is worth noting
that the highest peak intensity of CaCO3 was observed in IRS2/50, indicating significant
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carbonation during the curing process, which may be related to its pore structure (the
increase in IRS content may have led to increased porosity).

3.4.2. TG/DTG Analysis

The hydrate content and thermal stability of paste specimens containing IRS were
quantitatively analyzed using TG/DTG, as shown in Figure 8. During the heating process
from 30 ◦C to 800 ◦C, three distinct thermal decomposition peaks were observed. Among
them, the mass loss peaks in the ranges of 50−150 ◦C and 200−270 ◦C correspond to
the dehydration and decomposition of AFt and Al(OH)3 (AH3), respectively, while the
endothermic peak between 650−780 ◦C represents the decomposition of CaCO3 [38,39].
The quantitative results obtained from TG curves are displayed in Figure 8e,f.

   

   

   

Figure 8. TG/DTG analysis (a) DTG for 3 d, (b) TG for 3 d, (c) DTG for 28 d, (d) TG for 28 d,
(e) quantitative results for 3 d, and (f) quantitative results for 28 d.

At 3 d, as shown in Figure 8a,b, the mass losses in the range of 50−150 ◦C for IRS0/30,
IRS1/30, and IRS2/30 were 11.78%, 12.72%, and 13.55%, respectively. This indicates
that reducing the particle size of IRS effectively promotes the early formation of AFt in
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CSC-based materials, as mass loss in this temperature range is primarily attributed to the
dehydration of AFt. This finding aligns with the results derived from XRD analysis. AH3 is
mainly generated from the hydration of C4A3Š; the increase in AH3 content with decreasing
IRS particle size suggests that finer IRS enhances the hydration reactivity of CSC. At 28 d,
as shown in Figure 8c,d, the mass loss trends in the 50−150 ◦C range were similar to those
at 3 d. However, the mass loss of IRS1/30 (13.58%) in this temperature interval was close to
that of IRS2/30 (13.84%). This phenomenon indicates that the sensitivity of AFt content to
IRS fineness decreases at later hydration ages compared to the early stage. Furthermore,
regardless of the fineness and dosage of IRS, its incorporation reduced the CaCO3 content
in CSC-based materials—implying that IRS has a possible positive effect on the carbonation
resistance of CSC-based materials.

It is noteworthy that a distinct phenomenon was observed in the DTG curves: the
mass loss peak of AFt shifted toward lower temperatures after the incorporation of IRS,
especially during the later hydration stages. According to Chang et al. [23] and Ba et al. [38],
the incorporation of heavy metal ions into the AFt structure can reduce its crystallinity.
Therefore, the observed low-temperature shift in the AFt mass loss peak may be attributed
to the extensive substitution of Al3+ by Fe3+ derived from IRS.

3.5. Microstructure
3.5.1. SEM

Figures 9 and 10 illustrate the morphological characteristics of hydrates in IRS-
containing paste specimens at 3 d and 28 d, respectively. The results show that the hydrates
mainly consist of a large quantity of AFt crystals, AH3, and some pores.

 

Figure 9. SEM analysis at 3 d (a) Blank, (b) IRS0/30, (c) IRS1/30, (d) IRS2/30, (e) IRS2/40, and
(f) IRS2/50.

At 3 d, a substantial quantity of needle-shaped AFt crystals, platelet-like AH3, and
some gel hydrates were observed. These constitute the primary hydrates that form the
early-age microstructure of CSC-based materials, which is consistent with the findings in
Section 3.4.2. At the 30% dosage, a greater number of AFt crystals were observed in the
IRS0/30, IRS1/30, and IRS2/30 specimens, as shown in Figure 9b−d. However, the crystal
size decreased slightly with the reduction in IRS fineness. Furthermore, as the dosage of
IRS2 increased, the number of observable AFt crystals decreased—this is mainly attributed
to the high replacement ratio of CSC by IRS2.
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Figure 10. SEM analysis at 28 d (a) Blank, (b) IRS0/30, (c) IRS1/30, (d) IRS2/30, (e) IRS2/40, and
(f) IRS2/50.

At 28 d, as shown in Figure 10, IRS2/30 exhibited a denser microstructure compared
to IRS0/30 and IRS1/30—an important factor contributing to its superior 28 d compressive
strength. In contrast, specimens with a higher IRS2 dosage (IRS2/40 and IRS2/50) showed
a more porous overall structure, indicating that even the finer particle size of IRS2 could
not compensate for the reduction in structural density caused by excessive incorporation. It
is worth noting that SEM observations alone did not allow direct determination of the influ-
ence of Fe3+ introduced by IRS on the internal chemical structure of AFt. Therefore, further
analysis using EDS will be conducted to examine the detailed structure of the hydrates.

3.5.2. EDS

To elucidate the influence of Fe3+ from IRS on hydrates, EDS was conducted at low
magnification (×1000) to characterize the chemical elemental distributions of the Blank
and IRS2/30 specimens, as shown in Figures 11 and 12. The results indicate that Ca, Si, Al,
S, and Fe are the major constituent elements. Among these, Ca, Al, and S are primarily
derived from the hydrates of C4A3Š, namely AFt and AH3. Si mainly originates from the
hydrate of C2S—C−S−H gel. Fe is mainly attributed to Fe-bearing AFt and unreacted IRS
particles. The elemental composition measurements of the Blank and IRS2/30 specimens
are summarized in Table 4. The data show a higher Fe content in the IRS2/30 specimen,
which may consequently affect the structural composition of AFt.

Figure 11. SEM/EDS micrographs and elemental distribution maps of Blank.
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Figure 12. SEM/EDS micrographs and elemental distribution maps of IRS2/30.

Table 4. Elemental composition data obtained via SEM/EDS.

Specimens ID
Elements (%)

Ca Si Al S Fe

Blank 66.15 3.35 16.40 13.92 0.00
IRS2/30 52.24 5.91 17.37 15.92 8.55

According to Zhang et al. [24] and Bouibes et al. [40], Fe3+ and Al3+ have comparable
ionic sizes and identical valence states (+3 charge), which suggests that incorporating IRS
may cause Fe3+ to substitute for Al3+ in AFt. To further investigate this phenomenon, EDS
were performed at no fewer than 50 locations with typical AFt morphology in the IRS2/30
to determine the elemental composition ratios. Based on previous literature [22,24], the
theoretical molar ratios of S/Ca and Al/Ca in pure Al-AFt (Al-rich AFt) are 1:2 and 1:3,
respectively, corresponding to mass ratios of 0.4 and 0.224. Considering the isomorphic
substitution of Al3+ by Fe3+, the theoretical mass ratios of S/Ca and Fe/Ca in pure Fe-AFt
(Fe-rich AFt) would be 0.4 and 0.465, respectively. Therefore, the extent of Fe3+ substitution
for Al3+ in AFt was evaluated by plotting S/Ca versus (Al + Fe)/Ca, as shown in Figure 13.
The region with an S/Ca ratio between 0.3 and 0.5 was defined as the range most consistent
with the theoretical stoichiometry of AFt. It was observed that all detected (Al + Fe)/Ca
ratios exceeded 0.224, indicating partial to complete substitution of Al3+ by Fe3+ (derived
from IRS) in the AFt structure. Notably, although many EDS measurement points exhibited
(Al + Fe)/Ca ratios higher than the theoretical value of 0.465, this deviation may be
attributed to the inclusion of high-Fe IRS particles within the EDS detection areas.

Figure 13. Atomic ratio of S/Ca vs. (Al + Fe)/Ca in IRS2/30.
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3.6. Discussion

Based on the characterization results of particle size distribution, FT-IR, and SEM/EDS
for IRS with different grinding times, it is demonstrated that mechanical grinding reduces
the particle size of IRS and enhances its chemical bond activity. However, mechanical
grinding did not significantly improve the particle uniformity of IRS. Due to the presence of
a substantial amount of refractory phases (i.e., Fe-containing minerals) in IRS, there exists
a limiting threshold for particle size reduction—consistent with previous studies [30,41].
Furthermore, the increased reactivity of IRS achieved via mechanical grinding helps miti-
gate the strength loss caused by its high-volume replacement of CSC. Specifically, IRS2 at
a 30% dosage exhibited a 28 d compressive strength comparable to that of the pure CSC
mortar (Blank: 26.5 MPa; IRS2/30: 28.0 MPa).

CSC is extensively used in rapid repair projects owing to its high early-age reactivity.
However, its intense heat release during hydration and limited long-term strength develop-
ment remain critical constraints on its broader application [42,43]. This study demonstrates
that the high-volume incorporation of IRS effectively reduces the hydration heat release of
CSC-based materials while significantly promoting their later-age strength development.
These findings have significant implications for expanding the applicability of CSC-based
materials in practical engineering scenarios. Although the influence of iron-rich solid
waste on AFt in cementitious systems has been reported in some studies [15,17,40], AFt
remains the primary hydrate in CSC-based systems—and its performance evolution exerts
a profound impact on the overall properties of CSC-based materials. Therefore, the core
issue to be addressed in this study is how the iron-rich phases in IRS modify the perfor-
mance of CSC-based materials, with the underlying mechanism elucidated via multiple
analytical techniques.

Solid-phase analysis indicates that increasing the fineness of IRS promotes the forma-
tion of AFt in CSC-based materials, enhances the degree of hydration of CSC, and improves
the carbonation resistance of the resulting composites. As confirmed by TG/DTG and EDS
analyses (see Sections 3.4.2 and 3.5.2), the Fe3+ in IRS facilitates the conversion of Al-AFt to
Fe-AFt in CSC. According to previous studies [24,25], the isomorphic substitution of Al3+

by Fe3+ in AFt induces notable changes in the strength development process and hydrate
formation of CSC-based materials. Based on these observations, the following conclusions
can be summarized: (1) Compared to Al-AFt, Fe-AFt exhibits slower reaction kinetics,
which favors the formation of a more stable skeletal structure when combined with other
hydrates (e.g., C–S–H gel). (2) The larger ionic radius of Fe3+ relative to Al3+ contributes to
a more stable crystalline structure of Fe-AFt, which may enhance the volumetric stability
and durability of CSC-based materials. Notably, the analytical techniques employed in this
study (EDS and TG) are insufficient to provide definitive evidence for the substitution of
Al3+ by IRS-derived Fe3+ in the AFt structure. Further investigation utilizing analytical
methods such as Mössbauer spectroscopy, X-ray Photoelectron Spectroscopy, or Nuclear
Magnetic Resonance is therefore recommended to substantiate this conclusion and confirm
the substitution mechanism. In recent years, data-driven approaches such as machine
learning have emerged as powerful tools for understanding and predicting the key proper-
ties of cement-based materials, with numerous applications across other civil engineering
domains, e.g., structural health monitoring and material design [44,45]. However, although
this study primarily employs conventional experimental methods, the experimental data
generated herein can provide a valuable foundation for machine learning models aimed
at predicting the grinding processes proposed in this work or forecasting the long-term
performance of CSC-based materials.

MIP was used to compare the pore size distributions of the blank and the IRS2/30 at
28 d, as shown in Figure 14. Generally speaking, pores in cement-based materials smaller
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than 50 nm cause minimal damage to mechanical properties, whereas those exceeding
this size can significantly compromise performance. The results reveal that the pore size
distribution curve of IRS2/30 shifted toward larger pore sizes compared to that of the
blank. Nevertheless, IRS2/30 still maintained a 28 d compressive strength comparable to
that of Blank. This observation further confirms the beneficial contribution of Fe-AFt to the
late-age strength of CSC-based materials.

Figure 14. Pore size distributions of the blank and the IRS2/30 at 28 d.

This study proposes a sustainable strategy for utilizing IRS—a representative solid
waste from the non-ferrous metallurgical industry—in CSC. This approach not only ef-
fectively enhances the performance of CSC-based materials but also demonstrates the
green utilization potential of such non-traditional solid wastes. It is noteworthy that a
comprehensive evaluation of the benefits of IRS incorporation in CSC-based materials
requires further investigation into their long-term performance. Therefore, subsequent
research will focus on the evolution of long-term properties of IRS-containing CSC-based
materials and their durability under special environmental conditions (e.g., freeze-thaw
cycles, chloride ion erosion, or sulfate attack).

4. Conclusions
This study investigated the performance of CSC-based materials, including compres-

sive strength, hydration, and microstructure, after incorporating IRS with different particle
sizes. The following conclusions can be drawn:

(1) Mechanical grinding effectively reduced the particle size of IRS. The D50 of IRS
decreased to 85.8 µm, 48.9 µm, and 14.3 µm with grinding times of 20 min, 30 min, and
120 min, respectively. Although prolonged grinding did not improve the uniformity
of IRS particles or optimize the size distribution, it significantly increased the contact
area between IRS and other hydrates, thereby enhancing its reactivity.

(2) Under the impact of the dilution effect, incorporating IRS reduces the 3 d compressive
strength of CSC mortar. However, when the content of IRS2 does not exceed 30%,
the 28 d compressive strength of these CSC mortars becomes comparable to that of
the pure CSC mortar. Specifically, the IRS2/30 achieved a 28 d compressive strength
of 28.0 MPa.

(3) The incorporation of IRS reduced the hydration heat release of CSC. A decrease in
IRS particle size exposed more reactive sites, which in turn accelerated the release
efficiency of Fe3+. Moreover, increasing the fineness of IRS effectively promoted the
hydration of C4A3Š in CSC, facilitated the formation of AFt and AH3, and enhanced
the overall degree of hydration of CSC.
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(4) Increasing the fineness of IRS contributed to a denser microstructure in CSC-based
material, especially at 28 days. EDS analyses indicated the potential substitution of
Al3+ by Fe3+ in AFt, which is hypothesized to influence the strength development
of CSC-based materials. However, further advanced characterization is required to
confirm the extent and mechanism of this substitution.
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