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Abstract In the research described in this paper,
we prepared low-cost multiphase composites based
on calcium sulfoaluminate (also known as ye’elimite)
and fluorapatite. By utilizing the CaO originally
present in fluorapatite, the sintering densification of
these composites was enhanced. The influence of
varying the SiO, content (0-5.4 wt.%) on the reac-
tive sintering of fluorapatite, bauxite, and gypsum
was investigated. Incorporating quartz led to the for-
mation of various compositions, including calcium
hexaluminate, fluorapatite, ye’elimite, and gehlen-
ite. Quantitative phase analysis, conducted using
the Rietveld method via Profex software at various
sintering temperatures, demonstrated a relationship
between quartz content and the preferential formation
of gehlenite over ye’elimite within the 1300-1350 °C
range. Additionally, the microstructure of the com-
posites was significantly modified by quartz addition,
leading to the development of hexagonal and circular
grains after heat treatment at 1400 °C.
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1 Introduction

The cement industry, particularly the production of
Portland cement, is a major contributor to CO, emis-
sions, which has led to increased research into more
environmentally friendly alternatives [1, 2]. Calcium
sulfoaluminate (CSA) cement (Ca,AlcO,,(SO,) or
C,A;$ in cement notation) is an alternative to tradi-
tional Portland cement and is produced by burning
limestone, bauxite, and gypsum to form ye’elimite [3,
4]. Recent studies on ye’elimite formation have pro-
vided valuable insights into its synthesis and appli-
cations in high-performance cementitious materials
for construction. Researchers have explored various
phases and microstructures during different stages
of formation, thereby enhancing the understanding
of raw material interactions and potentially lead-
ing to more efficient calcium sulfoaluminate cement
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production process [5-8]. El-Khessaimi et al. [9]
specifically examined the mechanisms underlying
ye’elimite formation, utilizing advanced techniques
such as X-ray diffraction (XRD), scanning electron
microscopy (SEM), and thermogravimetric analysis
(TGA) to analyze its complex synthesis pathways,
thus providing a comprehensive understanding of
this process. Although CSA cement production still
releases CO,, it offers potential for overall emission
reductions compared to traditional cement [7, 10,
11]. Researchers are also exploring the use of non-
carbonated calcium sources in cement production,
despite challenges like scarcity and higher costs [7].
Natural fluorapatite (Cas(PO,);F), the main compo-
nent of natural phosphate, is considered a potential
alternative raw material in cement production [11,
12], driven by the need for more sustainable mate-
rials and its abundance in the world [13, 14]. The
Cay(PO,);F is gaining attention as a sustainable
alternative to traditional cement raw materials due
to its high calcium oxide (CaQO) content and thermal
stability up to 1400 °C [15-17]. This material could
replace limestone in the production of ye’elimite,
potentially reducing CO, emissions, with estimates
ranging from nearly zero for volcanic phosphates to
6% for some sedimentary deposits. Algeria, particu-
larly in the region of Djebel EI-Onk in Tebessa, east-
ern Algeria, possesses significant natural fluorapatite
reserves [18]. In 2019, the region produced approxi-
mately 1.2 million metric tons of fluorapatite, sup-
porting the cement industry’s sustainable practices
[14]. Sedimentary carbonate-fluorapatite (francolite)
deposits, with only around 6 wt.% CO, compared to
limestone’s 44 wt.%, offer environmental advantages
for cement production [17, 19]. Boughanmi et al. [17]
found that adding 0-15 wt.% natural fluorapatite to
Portland cement clinker enhances cement properties,
improving strength development, reducing heat evo-
lution during hydration, and increasing sulfate resist-
ance. These benefits highlight fluorapatite’s potential
to enhance performance and durability in cement-
based materials, making its influence on mineral for-
mation and composition a significant area of study in
cement production and material science [20-22]. The
effect of natural fluorapatite on the mineral formation
and composition of cement clinker is an important
area of study in the fields of cement production and
material science: Djouallah et al. [18] explored the
impact of alumina content on sintering fluorapatite

composites from natural phosphate and alumina,
finding that impurities like sulfur trioxide promoted
ye’elimite formation. Ye’elimite content increased
with temperature, reaching 31.9 wt.% at high tem-
peratures with 15 wt.% Al,O;. Wu et al. [23] exam-
ined the effects of phosphate impurities in phospho-
gypsum-based ye’elimite cement production, using
fluorapatite and sulfuric acid as the sole CaO source,
as shown in Eq. (1). The study examined the effects
of three phosphorus compounds on calcium sulfate
decomposition, phase formation, and the resulting
cement’s hydration behavior and mechanical proper-
ties. This research provides critical insights into the
role of phosphorus compounds in the mineralogi-
cal development and performance characteristics of
phosphogypsum-based ye’elimite cement.

Cas (PO,),F + 10H,0 + 5H,S0, —"* 3H,PO,

1
+5 CaS0,.2H,0 + HF %

Yao et al. [24] investigated the utilization of
phosphogypsum as the exclusive CaO source in the
synthesis of sulfoaluminate cement, focusing on
the impact of fluoride impurities on clinker forma-
tion and the properties of the resulting cement. This
study provides insights into how fluoride impurities
influence phase development, hydration characteris-
tics, and mechanical performance, contributing to a
deeper understanding of phosphogypsum’s viability
as a sustainable CaO source in sulfoaluminate cement
production. Li et al. [25] optimized the production
process of belite-sulfoaluminate cement by incorpo-
rating phosphate rock acid-insoluble residue (PAIR)
as the primary silica source, facilitating the complete
formation of essential mineral phases. The study pre-
cisely determined an optimal temperature range for
the formation of ye’elimite to be between 1150 and
1350 °C, providing valuable parameters for enhanc-
ing the synthesis efficiency and phase stability of
belite-sulfoaluminate cement.

This research presents a study on developing a
novel protocol for producing multi-phase compos-
ites based on ye’elimite, wherein natural fluorapa-
tite serves as a substitute for limestone. This process
investigates the impact of temperature (ranging from
1200 to 1500 °C) and varying amounts of natural
quartz (up to 5.4% SiO,) on the thermal stability
and reactivity of fluorapatite, as well as the forma-
tion of other phases, including calcium hexaluminate,
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ye’elimite, gehlenite, and beta-tricalcium phosphate.
Using techniques such as XRD, SEM, and FT-IR, the
study analyzes the microstructure, phase transforma-
tions, and material properties of the resulting com-
posites. The findings contribute to ongoing research
on environmentally friendly cement alternatives and
provide insights into the formation mechanisms of
key phases in calcium sulfoaluminate cement produc-
tion using natural phosphate materials.

2 Materials and methods
2.1 Materials and samples synthesis

In this work, a raw mixture was used to prepare cal-
cium  hexaluminate-fluorapatite-ye’elimite-gehlen-
ite composites from natural materials, including
fluorapatite from Djebel El-Onk (Tebessa, eastern
Algeria). Gypsum and quartz were sourced from
Bousadda (southeast Algeria), and bauxite was
obtained from Trefisoud (El-Eulma, eastern Algeria).
The chemical composition of the raw materials was
determined using X-ray fluorescence. While the min-
eralogical composition of the natural materials was
assessed via X-ray diffraction, as illustrated in Table 1
and Fig. 1. The raw materials were mixed with differ-
ent amounts of quartz, i.e., 0%, 2.1%, 3.8%, and 5.4%
by weight, and subsequently named M-0Q, M-2.1Q,
M-3.8Q, and M-5.4Q, respectively. The amounts of
raw materials used for the synthesized samples are
listed in Table 2.

The powder preparation involved wet milling of
the raw materials using zirconia pellets, 4-5 mm in
diameter, mixed with distilled water. The mass of
the material was set to one-tenth of the pellets’ mass,
maintaining a (1/10 ratio). The raw materials were
ground for 2 h at a rotation speed of 700 rpm using an
attritor-stirred ball mill machine (model JM-1) [26].
After the milling process was completed, the mixture

was dried at 120 °C for 24 h, then manually ground
using a mortar. It was then sieved through a 160 pm
mesh to obtain a powder with particle sizes smaller
than 160 pm. Subsequently, the powders were sub-
jected to uniaxial pressure at 100 MPa to create disc-
shaped samples with a diameter of 13 mm. These
samples were then subjected to sintering at various
temperatures (1200, 1300, 1350, 1400, and 1500 °C)
for 2 h with a heating rate of 10 °C/min.

2.2 Characterization methods

The raw material composition was determined using
X-ray fluorescence XRF analysis, specifically the S8
TIGER Series (Bruker, Germany). The particle size
of the different powders after grinding was measured
with laser granulometry with the Mastersizer 3000
(Malvern Panalytical, UK). To identify the phases,
present in the powders and sintered samples, X-ray
diffraction (XRD) analysis (Malvern Panalytical, UK)
was conducted using CuKa radiation at 40 kV and 30
mA, with a scanning speed of 4°/min and a step scan
of 0.026, covering the range from 10 to 55 degrees.
All phases were identified by comparing the XRD
patterns of the samples with the database from the
Joint Committee on Powdered Diffraction Standards
(JCPDS). Additionally, Fourier transform infrared
spectroscopy (FT-IR) spectra were recorded using a
Cary 630 KBr Engine from Agilent Technologies in
the USA with the wave number range of 4000-400
cm™!. Differential thermal analysis (DTA) experi-
ments were performed from room temperature up to
1350 °C. The samples were heated at 10 °C/min using
equipment (LABSYS EVO DTA/DSC-TG, Setaram).

The open porosity and apparent density of the sin-
tered samples were measured using Archimedes’
method of using xylene solvent. The hardness testing
of the sintered samples was performed using a Vick-
ers microhardness test (Zwick-Roell, ZHV, Germany)
under a load of 300 g and a dwell time of 10 s. To

Table 1 Chemical composition (wt.%) of the fluorapatite, bauxite, gypsum and quartz used in this study

Si0, ALO; Fe,0; CaO  MgO

SO, K,0 NaO P05 TiO, F LOI

Fluorapatite 2.49 0.34 0.28 49.03 1.29

Bauxite 496 817 1.95 0.301 0.30
Gypsum 0.075 0.037  0.055 33.05 0.05
Quartz 98.73 0.53 0.18 048  0.004

222 0.088 0.93 28.7 0.034  3.63 10.73

0.18 0.73 0.03 0.073  3.96 - -
45.11 - - 0.092 0.011 - 21.01
0.079  0.209 - 0.018 0.058 - -

niem
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Fig. 1 XRD patterns of raw materials: a natural fluorapatite, b bauxite, ¢ quartz, and d gypsum used in this study

Table 2 Amounts (wt.%) of the initial raw mixtures

Samples name  Fluorapatite ~ Bauxite Gypsum  Quartz
M-0Q 43.20 44.50 22.10 0
M-2.1Q 46.67 40.76 20.24 2.1
M-3.8Q 49.62 37.61 18.68 3.8
M-5.4Q 52.13 3491 17.33 5.4

calculate the average hardness value, six measurements
were conducted for each shape and thickness of sam-
ples and then calculated using the provided equation
[27]:

Hv = 1.854P/d* )

where P is the applied load in (N) and d is the diago-
nal length in (mm). To examine the microstructure of
the sintered samples, a scanning electron microscopy
analysis (SEM) is carried out using the SEM Quattro
S model, (Thermo Scientific, USA).

3 Results and discussion

3.1 Phases’ behavior after the grinding and drying
process

Figure 2 illustrates the XRD patterns of the milled
powders, which largely contain phases similar to
those present in the raw materials. However, in cer-
tain mixtures, a new phase of bassanite (CaSO,.1/2
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Fig. 2 XRD patterns of
milled powders (G: gyp-
sum, b: basanite, a: alumina
f: fluorapatite, fr: francolite,
q: quartz)

Fig. 3 Particle size distri-
bution of milled powders
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H,0) appears in small amounts in the samples, likely
due to the impact of drying temperature on gypsum
[28]. Particle size analysis of the milled composite
powders, as shown in Fig. 3, suggests that the milling
process results in a bimodal particle size distribution.
The majority of particles fall within the smaller size
range, centered around a primary peak of 1-10 um.
However, a notable portion is also present in a sec-
ondary peak above 100 um, indicating the presence of
larger particles or agglomerates in some samples.

3.2 Comprehensive phases characterization and
thermal analysis

DTA was used on the samples to investigate the ther-
mal phenomena during the sintering process. The
obtained DTA curves are illustrated in Fig. 4. The
first endothermic peak in zone 1, occurring at around
135 °C, corresponds to the loss of water (H,O) due to
the dehydration of gypsum, as indicated by reactions

decomposition of CaSO, [5] according to reaction
(5). The exothermic peak observed between 1250 and
1350 °C (in zone 4) is due to the formation of C,A;$.
The presence of Al,O; and SiO, can explain this, as
they reduce the initial decomposition temperature of
CaSO,, leading to different effects on calcium-based
desulfurization, which contributes to lowering calcium
hexaluminate and promoting the formation of calcium
sulfoaluminate in M-0Q and M-5.4Q. Two exothermic
peaks belonging to ye’elimite and gehlenite were also
observed in mixtures M-2.1Q, M-3.8Q, and M-5.4Q,
resulting from interactions between the interphases rep-
resented by SiO2, CaO, and Al203, which XRD of the
samples explains at 1300-1350 °C [30-32]. The forma-
tion of ye’elimite can be attributed to solid-state reac-
tions between CaO, Al,Os, and CaSO,, according to
Egs. (6) and (7) [3]:

CaSO, - 2H,0 — CaS0,.1/2H,0 +3/2H,0 1 (3)

(3) and (4) [5, 28]. Below endothermic peak, observed CaCO, - 1/2H,0 — CaSO, + 1/2H,0 1 @
at approximately 850 °C in zone 2, is attributed to the
decarbonization of francolite Ca,,(PO,, CO;)¢F, [12, CaSO, —» CaO +1/20, 1 +SO, 1 (5)
29]. In zone 3, endothermic peaks appear between
1100 and 1200 °C, accompanied by the release of out-
gassing (SO, and O,), which can be explained by the
Fig. 4 DTA curves of the -5
raw mixture during heating zone 4 |Imm - - - - -
process d g !
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4Ca0 + 3A1,0; + SO; — Ca,(AlO,), SO, ©6)

3Ca0 + 3AL,0; + CaSO, — Ca,(Al0,) SO,  (7)

The XRD patterns of samples sintered at the vari-
ous temperatures are shown in Fig. 5. At 1200 °C, the
main phases are fluorapatite, alumina, and ye’elimite
in all samples, with a small amount of wollastonite
(CaSiO;) in mixtures containing quartz due to the
reaction between the free calcium oxide and silicon
dioxide, as according to Eq. (8) [33]:

Ca0 + Si0, — CaSiO; ®)

M-0Q
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The significant decrease in the intensity of the dif-
fraction peaks corresponding to the ye’elimite phase
in M-2.1Q and M-3.8Q samples at 1300-1350 °C can
be attributed to the reaction between the SiO, and
Al,Oj; ratios, which affects the initial decomposition
temperature of CaSO,. Consequently, this ratio had
clear effects on the desulfurization process. The reac-
tion between quartz and ye’elimite led to the forma-
tion of intermediate phases or solid solutions during
sintering [34]. These phases affect the nucleation and
growth behavior of the ye’elimite crystals by chang-
ing the chemical composition and diffusion paths
within the material. The competition between gehlen-
ite (Ca,Al,Si0,, CA,S) and ye’elimite depends on the
availability of aluminum and calcium ions, as both
require these ions for their formation. When quartz

Intensity (u.a)

Intensity (u.a)

Fig. 5 XRD analysis of sintered samples at different temperatures: a: alumina f: fluorapatite, c: calcium hexaluminate, y: ye’elimite,

g: gehlenite, b: berlinite, f: B-TCP
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is present in large amounts, it can consume available
ions, reducing the amount available for ye’elimite
formation and potentially favoring other phases [32,
35]. During sintering at 1300-1350 °C, gehlenite can
compete with ye’elimite for the available aluminum
(Al) and calcium (Ca) ions. This competition reduces
the amount of these crucial components available for
ye’elimite formation, leading to a lower concentration
of ye’elimite in the final product. This particular fac-
tor stands as the primary explanation for the differ-
ent findings reported by various researchers [36-38].
This competition for ions may suppress or delay the
crystallization of ye’elimite, ultimately affecting the
phase composition and microstructure of the final
material, as shown in Egs. (9) and (10) [39]:

21A1,0; + Ca,Al;0,,(SO,) — 4CaAl;,0,4 + SO;
14
As the sintering temperature was raised to
1400-1500 °C, the peaks of the ye’elimite phase
became sharper. This was the result of the dissocia-
tion of the fluorapatite phase, driven by the presence
of free CaO and P,0s. Simultaneously, a portion of
the dissociated fluorapatite transformed into beta-
tricalcium phosphate (S-TCP) and also contributed to
the formation of the berlinite (AIPO,) phases [40]:

Ca,,(PO,) oF2 +3A1,0; - 6AIPO, + 9CaO + CaF,
(15)
P,05 + Al,O; — 2AIPO, (16)

2Ca0 + Al,0; + Si0, — Ca,AlSiO, ©) The potential reactions linked to the dissociation
of fluorapatite can be outlined as follows [41]:
4Si0, + 2Ca4A16012(SO4) — 2Al1,0; + 4Ca,Al,Si0; + O, 1 +2S0, 1 (10)

We also noticed a contrasting relationship between
C,AS and C,A;$, as shown in Fig. 4. It can act as a
catalyst or inhibitor of C,A;$ formation, depending
on the specific reaction pathways involved. In some
cases, C,AS may enhance the nucleation and growth
of C,A;$ crystals by providing suitable nucleation
sites or facilitating the transport of reactants. Con-
versely, C,AS may also compete with C,A;$ for
available aluminum and calcium ions, which may pre-
vent its formation under certain conditions of sinter-
ing temperature and quartz ratios [30, 35, 39]. On the
other hand, we noticed the formation of calcium hex-
aluminate (CaAl;,0,9, CAg). This phase transitions
through various intermediate phases within the CaO-
Al,O; system. The most significant phases in calcium
aluminate compounds include CaAl,0,, CaAl,O,
and CaAl;,0,y, which were present in all samples due
to the interaction between Al,O; and CaO [38]:

CaO + Al,O;(s) = CaAl,O, (11)
CaAl, O, + Al,O5(s) = CaAl,0O, (12)
CaAl,0; + 4 AL, O; — CaAl;,04 (13)

The reactions between Al,O; and Ca,Al0,(SO,)
are also possible, resulting in the formation of cal-
cium hexaluminate (CaAl;,0,4) [18]:

Ca,(PO,)F, + H,0 — 3Ca;(PO,), + Ca,(PO,),0 + 2HF
(18)

3Ca,(PO,)F, — 2Ca;(PO,), + 6Ca, (PO,),0 + 2 POF;
19)

Figure 6 illustrates the FT-IR spectra of the
samples sintered at various temperatures. Irrespec-
tive of the amount of quartz present, the absorp-
tion peaks at 1093 and 1036 cm~! were consist-
ently detected, corresponding to the asymmetric
stretching vibration (v;) mode of the POi_ group
in fluorapatite [42, 43]. Additional peaks associ-
ated with the vibration modes (v,) of POi_ were
also identified at 602 and 562 cm™!' [44-46]. In
addition, the vibration mode (v;) of POi_ was evi-
dent at 960 cm™! [16]. The intensity of the (v3)
peaks of the POi_ group decreased with increas-
ing quartz content and sintering temperature. This
phenomenon is supported by XRD findings, which
indicate the partial decomposition of fluorapatite,
as observed in this research [16, 18, 43, 47, 48],
as shown by reactions (16), (17), and (18). On the
other hand, peaks related to AlI-O bonds 640 cm-1
[45], Ca-O-Al or AlI-O-Al groups (840, 890, and
919 cm'l) [49, 50], and Si—O-Al or Si—O-Si groups
(491, 698, 767, and 1147 cm™") [51], were also
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Fig. 6 FT-IR spectrum of sintered samples sintered at various temperatures

observed, supporting the XRD detection of alu-
mina, calcium aluminate compounds, and silicate
phases like gehlenite. In the samples M-2.1Q and
M-3.8Q sintered at 1200°C, there was evidence of
symmetric Si—O-Si stretching modes of the SiO,
tetrahedron in the range of 804 cm~!. This may
be due to the formation of calcium silicate phases,
such as wollastonite, as supported by the XRD
identification [52]. Both analyses revealed com-
positional and structural changes with increasing
temperature and quartz content. FTIR provided
insights into chemical bonds and functional groups,
complementing the crystalline phase data from
XRD.

Table 3 ICSD codes and chemical formula for phases mineral

Mineral phase Chemical formula ICSD code
Fluorapatite Cas(PO,);F 015 - 0876
Alumina Al O 042 — 1468
Ye’elimite Ca,Alg0,,(S0,) 016 — 0440
Gehlenite Ca,Al,SiO, 035 - 0755
Calcium hexaluminate CaAl;,09 038 — 0470
Berlinite AIPO, 076 — 0228
p-TCP Ca;(PO,), 009 — 0169
Wollastonite CaySigOq 043 — 1460
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3.3 Quantitative phase analysis and microstructural
examination

The crystal structures, based on the XRD patterns,
are provided in Table 3. It gives the nomenclatures,
chemical formulas, and ICSD card numbers of the
mineral phases contained in the sintered samples.
These results present quantitative phase analysis data
obtained through the Rietveld method using Profex
software, as shown in Fig. 7 [53, 54]. The quantita-
tive phase analysis of the XRD patterns provides
comprehensive validation of the qualitative observa-
tions, offering deeper insights into the complex phase
transformations occurring during sintering at various
temperatures and quartz contents.
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Fig. 7 Weight fraction of phases content as a function of
quartz addition and sintering temperature: a M-0Q, b M-2.1Q,
¢ M-3.8Q and d M-5.4Q (A: alumina, F: fluorapatite, C: cal-

At 1200 °C, the dominance of fluorapatite
(43.94-51.01 wt.%), alumina (22.25-34.16 wt.%), and
ye’elimite (15.66-21.9 wt.%) is confirmed, with wol-
lastonite present only in quartz-containing samples
(2.1, 3.8, and 5.4 wt.% SiO,), aligning with the reac-
tion in Eq. (7). The dramatic decrease in ye’elimite
content (down to 0.36-2.85 wt.%) and the increase in
gehlenite (up to 19.83-20.44 wt.%) at 1300-1350 °C
in the quartz-rich samples, as shown in Fig. 7b, c,
quantitatively support the XRD observed competi-
tion between these phases for Al and Ca ions [27].
This competition is particularly evident in the inverse
relationship between ye’elimite and gehlenite con-
tents, confirming the reactions described in Egs. (8)
and (9) [38]. The formation of calcium hexaluminate
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(34-41.06 wt.%) across this temperature range aligns
with the XRD detected CaO-Al,O; system phases,
supporting the reactions in Egs. (10-13) [36, 56].
At 1400-1500 °C, the quantitative data confirm the
XRD results, showing sharper ye’elimite peaks (ris-
ing to 13.51-28.63 wt.%), fluorapatite dissociation
(dropping to 22.1 wt.% in Fig. 7d at 1500 °C), and
the formation of B-TCP and berlinite (0-6.01 wt.%)
[18, 57, 58]. The complete decomposition of gehlen-
ite in Fig. 7d at 1500 °C, accompanied by increases
in ye’elimite (16.83 wt.%) and calcium hexaluminate
(34.19 wt.%), further validates the XRD observations
of phase transformations at high temperatures [23].
These results demonstrate the critical influence of
quartz content and temperature on phase formation
and stability, particularly for ye’elimite and gehlen-
ite, which significantly impact the material’s proper-
ties and performance [35, 55]. The quantitative data
also highlight the importance of maintaining spe-
cific Al,O; and SiO, ratios (between 2 and 4 wt.%
Si0,) and sintering temperatures (1300-1350 °C)

to optimize ye’elimite content, as excessive gehlen-
ite formation can negatively impact hydraulic activ-
ity and overall performance, as noted by previous
researchers [30, 39].

Figure 8 shows the SEM micrographs of multi-
phase-based composite samples. We observed clear
microstructural evolution across the samples sintered
at 1400 °C for 2 h, revealing distinct microstructural
changes correlated with increasing quartz content,
which aligns with the quantitative phase analysis
and XRD results. Figure 8a displays a dense struc-
ture with small, rounded particles, likely indicative of
ye’elimite grains [24, 58, 59]. As observed in Fig. 8b,
the microstructure becomes more porous with the
presence of larger, irregular particles, suggesting
the onset of liquid phase formation [18]. Figure 8c,
d reveal a dramatic shift towards prominent hexago-
nal sheet-like structures, characteristic of calcium
hexaluminate crystal. This transformation aligns with
the reported effects of increasing quartz content and
higher sintering temperatures [60]. The hexagonal

Fig. 8 SEM micrographs of fracture surface of sample: a M-0Q, b M-2.1Q, ¢ M-3.8Q and d M-5.4Q sintered at 1400 °C
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sheet-like structures in Fig. 8d appear more defined
and thicker than in Fig. 8c. This observation corre-
lates with the XRD data showing high calcium hexa-
luminate content (34—41.06 wt.%) at this temperature
[18, 61]. This detailed correlation between the SEM
observations and XRD results at 1400 °C elucidates
the intricate relationships between composition,
phase evolution, and resulting microstructure in this
complex ceramic system. It highlights how the sinter-
ing process and quartz content at this specific temper-
ature influence the final material properties [62].

3.4 Evaluating the impact of porosity on sintered
sample properties

The variations in open porosity and bulk den-
sity of the samples with sintering temperature
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Fig. 9 Effect of sintering temperatures on the a bulk density
and b open porosity of heated samples

were determined using Archimedes’ principle.
The results are shown in Fig. 9. In general, it was
observed that as the sintering temperature increased
up to 1400 °C, the bulk density of the samples
increased, while the open porosity decreased in all
samples. For samples M-0Q, M-2.1Q, and M-3.8Q,
the bulk density remained relatively constant within
the temperature range of 1200 to 1300 °C. How-
ever, sample M-5.4Q, it exhibits a linear increase,
reaching a value of 2.85+0.11 g/cm?® at 1300 °C
(Fig. 9a). Furthermore, the noticeable increase in
bulk density was evident in the temperature range
from 1300 to 1400 °C for these samples. At 1400
°C, all mixtures achieve relatively high densities,
with values for samples M-0Q, M-2.1Q, M-3.8Q,
and M-5.4Q ranging from 1.65 to 2.8 g/cm?>. In gen-
eral, we support that the formation of both calcium
hexaluminate and gehlenite phases was responsible
for this increasing density, as corroborated by the
XRD patterns [36]. However, the lower bulk den-
sity of 2.62 g/cm?® observed in sample M-5.4Q when
sintered at 1500°C can be explained by a combina-
tion of increased trapped pores (from gas evolu-
tion during sintering) and thermal expansion, both
of which are significantly affected by the sample’s
higher quartz content at this temperature [18].

Open porosity is an important parameter that
needs to be considered in the cement industry. This
can be beneficial for cement manufacturers, as the
porous material allows clinker to be easily ground
into cement. The value of the open porosity was
practically constant between 33.5 and 48.7% in
the temperature range from 1200 to 1300 °C, not
for M-5.4Q (Fig. 9b). A linear decrease in open
porosity values from 53.5 to 0.5% was observed
for sample M-5.4Q. At higher temperatures
(1300-1400 °C), a gradual and regular decrease in
open porosity values was noted. The reduction of
open porosity can be explained by the release of
large amounts of sulfur dioxide and oxygen gas at
these temperatures. Above 1400 °C, the open poros-
ity remained relatively stable, being nearly con-
stant in the temperature range between 1400 and
1500 °C. Vickers hardness measurements were con-
ducted on the dense samples sintered at 1400 °C, as
shown in Table 4. Regardless of quartz addition, the
hardness values ranged from 3.54 to 6.13 GPa, sug-
gesting no clear correlation between the hardness of
the samples and their density [57].



Materials and Structures (2024) 57:234 Page 13 0of 15 234
Table 4 The bulk density
S 1 M-0 M-2.1 M-3.8 M-5.4
and Vickers hardness of ampres Q Q Q Q
samples sintered at 1400 °C Bulk density (g/cm®) 279+0.11 2.96 +0.12 2.96 +0.12 2.66 +0.10
Vickers hardness (GPa) 3.54+0.14 5.63+0.22 5.78+0.23 6.13+0.24

4 Conclusions

Our research demonstrates the feasibility of manufac-
turing diverse composites based on calcium hexalu-
minate-fluorapatite-ye’elimite-gehlenite from natural
fluorapatite (as an alternative to limestone), bauxite,
and gypsum. A thorough analysis of ye’elimite-based
multiphase composites reveals intricate connections
among sintering temperature, quartz content, and
phase formation. The milling process had minimal
impact on the initial powder phases, while the thermal
analysis identified key reactions, including gypsum
dehydration, carbonate-fluorapatite decarbonation,
and CaSO, decomposition. As the sintering tempera-
tures increased from 1200 to 1500 °C, complex phase
transformations occurred, forming ye’elimite, cal-
cium hexaluminate, gehlenite, at higher temperatures,
B-TCP and berlinite. The amount of quartz addition
critically influenced these transformations, with an
optimal range of 24 wt.% at 1300-1350 °C maxi-
mizing the ye’elimite content. However, excess quartz
promoted gehlenite formation, potentially compro-
mising the cement performance. The physical prop-
erties improved with sintering, showing increased
bulk density (up to 2.95 g/cm®) and decreased open
porosity (as low as 0.5%) at 1400 °C. The sample
without quartz (M-0Q) exhibited a uniform distribu-
tion of spherical-shaped grains throughout the matrix,
indicative of ye’elimite phase formation. In con-
trast, the quartz-containing samples showed altered
microstructures, demonstrating the role of quartz in
modifying the material’s composition and properties.
Vickers hardness values ranged from 3.54 to 6.13
GPa for the samples sintered at 1400 °C.

The study also highlighted the role of the quartz
addition, which significantly contributed to the
decomposition of fluorapatite, especially at higher
sintering temperatures. This was evidenced by the
FT-IR spectra analysis, which showed a decrease
in the intensity of the (PO,>”) group peaks with
increasing quartz content and sintering temperature.
We believe these detailed findings provide crucial
insights for optimizing ye’elimite-based multiphase

composites, allowing for tailored properties to meet
specific requirements in the construction industry and
for heat-resistant materials.
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