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This study delves into the challenges posed by the low-temperature calcination of high-ferrite Portland 
cement (HFPC) clinker and explores the potential of boron oxide (B2O3) as a stabilizing agent. Clinker 
production is a major contributor to global carbon dioxide emissions, and finding sustainable solutions 
is paramount. At 1350 °C, the HFPC clinker exhibits severe pulverization due to the metastable nature 
of the C2S phase formed at low temperature. To address these challenges, various stabilizing agents, 
including K2O + Na2O, barium carbonate (BaCO3), calcium fluoride (CaF2), and B2O3, were investigated. 
K2O + Na2O, BaCO3, and B2O3 exhibited promising stabilization effects, although K2O + Na2O 
negatively impacted the stability, and BaCO3 resulted in significant retardation. Consequently, B2O3 
was chosen as the preferred stabilizing agent for the low-temperature calcination of HFPC clinker. 
However, it was observed that the B2O3 content should not exceed 1% to prevent destabilization 
of the C3S phase, which affects early-stage strength development. This research contributes to the 
understanding of HFPC clinker stability under low-temperature conditions and provides a potential 
avenue for reducing energy consumption and carbon emissions in HFPC clinker production.
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In recent years, countries worldwide have actively committed to addressing the impacts of climate change by 
adopting innovative and coordinated approaches to development. Such initiatives aim to accelerate the transition 
toward sustainable development and promote environmentally conscious lifestyles1,2. The concentration of 
atmospheric CO2 has undergone a notable increase, rising from approximately 285 parts per million (ppm) in 
the year 1850 to 410 ppm in 2019. Concurrently, the Earth’s global surface temperature exhibited a rise of 1.07 K 
(K) during the decade of 2010–2019 when compared to the period of 1850–19003. This temperature escalation 
presents a significant and imminent threat to life on our planet4. To constrain the global temperature increase 
to 1.5 K above pre-industrial levels, it is imperative that global net anthropogenic CO2 emissions be curtailed 
by approximately 45% by the year 2030 to the emissions recorded in 2010, and achieve net-zero emissions on a 
global scale around the year 20505.

Among the many contributors to CO2 emissions, the cement industry undoubtedly stands as the largest 
global source of CO2 emissions, accounting for nearly 8% of global CO2 emissions6. That means approximately 
0.5–0.7 tons of CO2 are released for every ton of Portland cement (PC) produced7. The global Portland cement 
production reached a staggering 4.1 × 1012 kg in 2020, with China contributing approximately 54% of this total8, 
and this production figure is expected to surge to around 6.0 × 1012 kg by the year 20509. Despite China’s recent 
efforts and policies aimed at reducing CO2 emissions, the overall emissions remain enormous.

The fundamental reasons behind the persistently high carbon dioxide emissions and energy consumption 
issues in the cement industry are rooted in the high temperature sintering characteristics of the mineral 
phases in traditional PC clinker. Traditional PC clinker primarily consists of tricalcium silicate (C3S: 55–70%), 
dicalcium silicate (C2S: 18–25%), tricalcium aluminate (C3A: 5–12%), and tetracalcium aluminoferrite (C4AF: 
5–15%)10,11. Among these, tricalcium silicate is the most important mineral phase in ordinary Portland cement 
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and the primary contributor to the mechanical properties of cement matrices12. Compared to the other three 
mineral phases, the formation of the C3S phase requires a higher synthesis temperature (1450 °C) and greater 
consumption of limestone13, which consequently leads to the high energy consumption and carbon dioxide 
emissions in the production of traditional PC clinker. To fundamentally address the issue of carbon dioxide 
reduction in the cement industry, there is a need for a specific adjustment of the mineral phase composition of 
PC clinker to develop green and energy-efficient cementitious materials.

Based on this, high-ferrite Portland cement (HFPC) clinker has emerged14,15, characterized by a low C3S 
content and a high C4AF content, thus having a lower sintering temperature (1400 °C) compared to traditional 
PC clinker. Theoretical analysis indicates that the sintering temperature of HFPC clinker can be further reduced 
to 1350  °C16. However, at this temperature, serious pulverization occurs in the HFPC clinker, significantly 
affecting its hydration performance. Considering the excellent performance of HFPC clinker and the energy-
saving advantages of its low-temperature preparation, investigating the stabilizing technology for HFPC clinker 
at the lowered sintering temperature is of utmost importance and research value.

In the extensive research on PC clinker stability, the primary approach used is the addition of different 
stabilizers to ensure the mineral phases exist in a more stable form17. Currently, commonly used stabilizers 
include K2O, Na2O, BaO and B2O3, among others18–20. These stabilizers primarily increase the liquid phase 
content in the PC clinker to achieve its stability. The mineral composition of HFPC clinker differs from traditional 
PC cement, therefore this study investigates the influence of several oxide stabilizers on the stability of HFPC 
clinker at the lowered sintering temperature.

Materials and methods
Materials
The raw materials used in this study, including CaO, Al2O3, SiO2, Fe2O3, B2O3, BaCO3, Ba(NO3)2, Na2CO3, 
K2CO3, CaF2, are analytical grade reagents. The preparation and sintering process of HFPC clinker refers to 
Zhang et al.16, and the sintering temperature is controlled at 1350 ℃. Table  1 shows chemical and mineral 
compositions of the HFPC clinker. The added type and ratios of stabilizers are shown in Table 2.

Methods
The test method of free lime (f-CaO) is strictly implemented in accordance with reference21. The crystal 
structural of different HFPC clinker was ascertained utilizing a Bruker D8 Advance X-ray diffractometer 
(XRD), employing Cu-Kα radiation (λ = 0.15046 nm) and ranging from 10 to 60°, with increments of 1° per 
minute. The analysis of X-ray diffraction (XRD) data for the determination of phase content in all clinkers 
was performed using Topas software. The latest version is Topas V622. The refinement of Rietveld parameters, 
which encompassed background coefficients, cell parameters, zero-shift error, peak shape parameters, preferred 
orientation, and phase fractions, was carried out. The evolution of HFPC clinker hydration was characterized 
by isothermal calorimetry measurements at 20 ± 0.1℃ and the water to clinker ratio is kept at 0.5. For sample 
preparation of compressive strength, a specified amount of water was first added to the mixing pot, followed by 
sequentially adding different HFPC clinker. The mixture was processed in an automatic mixer with the following 
sequence: slow stirring for 120 s, a 15-second pause, and fast stirring for another 120 s. The well-mixed paste 
was then poured into 20 mm × 20 mm × 20 mm molds and vibrated for 2 min to remove air bubbles. The 
molds were covered with plastic film and placed in a standard curing box (RH > 95%, 20 ± 2 °C). After 24 h, 

Group Type Dosage

1350 / /

1350–0.2 B2O3 0.2%

1350 –0.5 B2O3 0.5%

1350–1 B2O3 1.0%

1350–2 B2O3 2.0%

BC-5 BaCO3 5%

BN-1 Ba(NO3)2 1%

N + K Na2CO3 + K2CO3 1.5%+1%

CF-1 CaF2 1%

Table 2.  The added type and dosage of stabilizers to HFPC clinker.

 

Chemical composition/ Wt. (%) Mineral composition/ Wt. (%)

CaO 66.80 C3S 48.0

SiO2 22.40 C2S 29.0

Al2O3 6.61 C3A 3.0

Fe2O3 6.64 C4AF 20.0

Table 1.  Chemical and mineral compositions of the HFPC clinker.
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the hardened samples were demolded and returned to the curing box for further curing until the specified age. 
The compressive strength of these samples was tested by the WYA-300 Automated Breaking and Compressive 
Resistance tester (Wuxi, China) at 3 d, 7 d and 28 d.

Results and discussion
Effect of stabilizer type on the sintering properties of HFPC clinker
According to results shown in the Table 3; Fig. 1, the pulverization phenomena is observed in HFPC clinker 
at 1350 °C, and the f-CaO content in HFPC clinker is only 0.24%. Consequently, the pulverization occurring 
in HFPC clinker is not a result of the decomposition of tricalcium silicate (C3S). Combining this with the 
percentage of C2S crystalline phases in the HFPC clinker under this temperature regime in the following section, 
it becomes apparent that the formation of γ-C2S is a result of a transformation from the α or β type of C2S 
crystalline phases23,24. The introduction of K2O + Na2O, BaCO3, and B2O3 effectively inhibits the occurrence 
of clinker pulverization phenomena, while the addition of CaF2 did not achieve clinker stability. However, the 
subsequent mechanical performance testing reveals that the sample doped with 1.5% Na2CO3 and 1% K2CO3 
exhibits cracking at only one day curing age, associated with high content of f-CaO (5.41%). Consequently, 
the high f-CaO content in the samples led to the release of a significant amount of heat during early curing 
and the formation of a large quantity of calcium hydroxide, resulting in matrix expansion and rupture. Alkali 
metal oxides can reduce the melting point of silicate minerals, thereby promoting liquid phase reactions and 
reducing calcination temperatures. This will lead to oversintering of the HFPC clinker, causing more free lime 
to precipitate. Furthermore, 5% BaCO3 added sample exhibits good stability to HFPC clinker, but the sample 
mixed with water shows a significant delayed setting, and the mechanical strength test cannot be performed. In 
summary, based on the experiments, it was decided to select B2O3 for further investigation into the stability of 
pulverization in HFPC clinker.

Effect of stabilizer content on the sintering properties of HFPC
After the calcination of HFPC clinker, it was observed that different levels of B2O3 doping all played a favorable 
role in stabilizing the clinker, with no pulverization phenomena observed. Additionally, the f-CaO content at 
different B2O3 doping levels of HFPC clinker is found to be 0.26%, 0.29%, 3.99%, and 1.50% in Fig. 2. The results 
indicate that when the B2O3 doping level was below 1%, the resulting HFPC clinker exhibits a lower f-CaO 
content and better sinterability. However, when the doping level of B2O3 reached 1%, the f-CaO content surged 
to 3.99%. Generally, the f-CaO content in cement clinker should not exceed 1.50% under normal conditions, as 
exceeding this level can compromise the PC soundness. As the B2O3 content further increased to 2%, the f-CaO 
content decreased to 1.50%. When too much crystalline stabilizer of B2O3 is added, free lime will combine with 
metastable phase of α-C2S again, resulting in the regeneration of C3S25. This leads to a decrease in free lime and 
an increase of C3S phase.

Fig. 1.  Effects of stabilizer type on the content of f-CaO in HFPC clinker.

 

Group Stabilizer type Whether pulverization

1350 / Pulverization

1350–2 B2O3 No pulverization

BC-5 BaCO3 No pulverization

BN-1 Ba(NO3)2 Pulverization

N + K Na2CO3 + K2CO3 No pulverization

CF-1 CaF2 Pulverization

Table 3.  Effect of stabilizer type on the pulverization of HFPC clinker.
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The mineral composition of HFPC clinker with different content of B2O3
XRD analysis was employed to investigate the mineral composition of HFPC clinker under varying B2O3 doping 
levels as seen in Fig.  3. It is evident that in samples with different B2O3 doping levels, the mineral phase of 
γ-C2S is hardly to be observed. Since the diffraction peaks of γ-C2S tend to overlap with other mineral phases. 
The main components of different samples are tricalcium silicate, dicalcium silicate, tricalcium aluminate, and 
tetracalcium aluminoferrite. Additionally, the 1% B2O3 sample exhibits a diffraction peak for CaO near 2θ = 54°, 
which is consistent with f-CaO test results. However, it is difficult to compare the changes of mineral phase 
composition from the XRD patterns. Therefore, the quantitative analysis of the sample’s mineral phases by 
adding 10% aluminum oxide to the samples is conducted.

The XRD quantitative analysis results reveal that when the B2O3 content exceeds 0.2%, the C3S content in the 
samples decreases, while the C2S content increases in Fig. 4. As B2O3 is a crystalline stabilizer, the introduction 
of boron ions into the crystal lattice of C2S, can stabilize α-C2S and β-C2S, thus inhibiting the transformation 
from γ-C2S to β-C2S. Boron substitutes silicon as tetrahedral borate anion, BO4

5−, for single-boron doping26,27. 
However, excess B2O3 causes β-C2S to transform into α-C2S. Simultaneously, we also observed changes in the 
crystalline phases of C2S formed in the samples under different B2O3 doping conditions. In the blank sample, 
C2S exists in three crystalline forms: α, β, and γ. However, except for the 0.2% B2O3-doped sample, as the B2O3 
content increases, the α crystalline form of C2S in the samples gradually increases. When the B2O3 content 
reaches 2%, the α crystalline form constitutes approximately 80% of the C2S phase. Additionally, under high 
B2O3 doping conditions, the C3A content in the samples notably decreases.

Hydration performance of HFPC clinker with different B2O3 content
The hydration heat flow and accumulated heat curves of samples with different B2O3 doping levels are presented 
in the Fig. 5. It can be observed that when the B2O3 content is 0.2%, the hydration heat flow and accumulated 

Fig. 3.  XRD patterns of HFPC clinker with different content of B2O3, •: C2S, ♥:C3S, ♣:C3A, ♦:C4AF : CaO.

 

Fig. 2.  Effects of stabilizer content on the content of f-CaO in HFPC clinker.
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heat curves are similar to those of the blank sample, indicating no significant impact. When the B2O3 content 
increases to 0.5%, the hydration heat flow rate of the sample does not change significantly, but the maximum heat 
release is slightly reduced. Combined with XRD results, the decrease in the maximum heat release is attributed 
to the reduction in the C3S content in the sample due to 0.5% B2O3 doping. When the B2O3 content is further 
increased to 1% and 2%, no significant heat release peaks are observed in the early stages of hydration reactions. 
In the sample with 2% B2O3 doping, a broader heat release peak is observed. The accumulated heat curves 
for samples with different B2O3 doping levels also show the varying impact of different doping levels on the 
hydration performance of the samples. The incorporation of B2O3 leads to a postponement to the hydration of 
HFPC clinker, and the postponement is significantly intensified as the dosage of B2O3 increases. The hydration 
retarding is also responsible for the substantial reduction in early compressive strength. However, the later 
compressive strength (28 d) is more important for Portland cement. The addition of B2O3 could significantly 
increase the later compressive strength of the specimen, indicating that the addition of B2O3 only delays the 
hydration process of HFPC clinker. Therefore, the B2O3 content in HFPC clinker should be limited to 0.5%.

Compressive strength of HFPC clinker with different B2O3 content
As shown in Fig. 6, it presents the compressive strength of HFPC clinker with different B2O3 doping levels at 
different age periods. From the compressive strength results, it can be concluded that the introduction of a low 
amount of B2O3 leads to slow early strength development in HFPC clinker but eventually demonstrates excellent 

Fig. 5.  Heat flow and accumulated heat curves of HFPC clinker with different B2O3 content.

 

Fig. 4.  XRD quantitative analysis of HFPC clinker with different content of B2O3.
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compressive strength. Combined with the results of Fig.  2, the addition of 1% B2O3 results in a significant 
increase in f-CaO content (3.99%), which far exceeds the standard limit (1.5%). f-CaO leads to poor early 
stability of the hardening sample with the occurrence of severe expansion and cracking. It causes the specimen 
to be unable to maintain integrity, so the compressive strength could not be tested. Although the samples 1350 
and 1350 − 0.2 have similar C3S content, the α-C2S and C3A content in sample 1350 is significantly higher than 
sample 1350 − 0.2. Both α-C2S and C3A are mineral phases with high early strength, therefore the sample 1350 
shows higher mechanical strength in the early stage. The f-CaO content of HFPC clinker with the addition of 
2% B2O3 is reduced to 1.50%, which makes the specimen have better stability and integrity. Although it faces 
severe retardation problems proved by heat flow results, the compressive strength can be obtained at 7 d. As 
hydration products continue to generate and fill the pores, it also has good mechanical strength at 28 days. 
Although the introduction of B2O3 can suppress pulverization in HFPC clinker and the samples show excellent 
later-stage mechanical performance, the slow development of early strength remains a critical issue limiting the 
application and development of HFPC clinker. The reason for the slow early strength development in HFPC 
clinker after B2O3 doping may be due to the stabilization of the C2S mineral phase crystalline structure, which 
also leads to the unstable presence of C3S. This results in the slow early strength development of the sample. 
Additionally, because the formation temperature of the C3S mineral phase is relatively high, there is a threshold 
for the formation of C3S in the clinker at 1350 °C, which also limits the development of its early performance.

Doping mechanism of B2O3 to HFPC clinker
To investigate the impact of B2O3 doping mechanism on the phase transformation of silicate phases in the 
minerals, experiments utilized first-principles calculations to simulate the formation energies of defects in C2S 
and M-type C3S with different levels of B2O3 doping. The formation energy (ΔE)13,28 of defects was calculated 
using following equation:

	
∆ E = 1

n
[
Edef−Eper + nµ s − nµ i

]
� (1)

Where Edef and Eper represent the lattice energies of the crystal before and after phase doping, n is the number 
of B atoms introduced into the crystal, and µs and µi are the chemical potentials of the crystal after ion doping.

From the computational results in Fig.  7, it can be concluded that at a 0.5% doping level, the stability 
sequence of B2O3 in the three C2S phases is beta > alpha > gamma. At a 1.0% doping level, the stability sequence 
of B2O3 in the three C2S phases is alpha > beta > gamma. This suggests that B2O3 acts as a stabilizer for the high-
temperature phases of C2S: a small amount of doping can stabilize the higher-temperature beta phase, while 
a higher doping concentration can stabilize the even higher-temperature alpha phase. Furthermore, at both 
0.5% and 1.0% B2O3 doping levels, the formation energy of defects in the formed phases is negative, indicating 
that B2O3 solubility at these levels benefits the stability of the crystal29,30. However, as the doping concentration 
increases, it can be observed that the formation energy of defects per unit concentration increases significantly, 
suggesting that further increasing the B2O3 content will substantially weaken its stabilizing effect on the three 
crystal forms of C2S. It is expected that B2O3 doping exceeding 2% will be detrimental to the stability of C2S 
crystal phases. Comparing the effects of 0.5% and 1% B2O3 doping on the formation energy of defects in C3S, it is 

Fig. 6.  Compressive strength of HFPC with different B2O3 content.
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evident that when more B2O3 atoms are doped into the sample, the formation energy of defects in C3S decreases. 
This indicates that a high concentration of B2O3 doping can destabilize the structure of C3S. Experimental 
results also show that compared to cement clinker doped with 0.5% B2O3, the sample doped with 1% B2O3 has a 
reduced C3S content. In conclusion, different levels of B2O3 doping can alter the formation energy of defects in 
mineral phase structures, subsequently affecting the stability of crystal structures and ultimately leading to phase 
transformations in the minerals.

Conclusions
Based on the exploration of the mineral composition, crystal structure, hydration properties, and mechanical 
performance of HFPC clinker with different stabilizers, several conclusions can be drawn:

	(1)	� The cause of HFPC clinker pulverization at 1350 °C is that the C2S phase formed in the clinker at low tem-
peratures is a metastable state with a large number of lattice defects and high surface energy, rendering its 
crystal structure unstable. Rapid cooling measures are insufficient to stabilize its crystal form, leading to a 
transformation into γ-C2S and resulting in volume expansion and pulverization.

	(2)	�  K2O + Na2O, BaCO3, and B2O3 show effective stabilization for HFPC clinker. However, K2O + Na2O leads 
to poor stability, and BaCO3 causes significant retarding of HFPC clinker. Ultimately, B2O3 is chosen as the 
best stabilizer for the low-temperature calcination of HFPC clinker.

	(3)	� The HFPC clinker with addition of B2O3 content less than 1% shows satisfactory hydration reactivity and 
compressive strength, while the high level of B2O3 leads to increased f-CaO content and slow strength 
development to HFPC clinker, ascribed to the transformation of C2S crystalline form and the decreased 
generation of C3S.

Data availability
All data generated or analyzed during this study are included in this published article. Additional information is 
available to the corresponding author on reasonable request.
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