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1. Introduction
Temperature is the single most critical process variable governing clinker formation in Portland cement production. The rotary kiln's thermal profile determines the extent and rate of the chemical reactions that transform raw meal into the four principal clinker minerals: alite (C₃S), belite (C₂S), tricalcium aluminate (C₃A), and tetracalcium aluminoferrite (C₄AF). While the nominal burning zone temperature target is approximately 1450°C , the actual influence of temperature extends far beyond this single setpoint. It governs reaction kinetics, liquid phase formation, mineral phase equilibria, crystal morphology, and ultimately the hydraulic reactivity and grindability of the finished clinker.
This investigation examines the relationship between kiln temperature and clinker formation through multiple analytical lenses: the thermodynamics of phase formation, the kinetics of lime assimilation, the role of the liquid phase, and the consequences of temperature deviations in either direction. The analysis draws upon laboratory sintering studies, industrial kiln observations, and mineralogical investigations.
2. Temperature Thresholds for Clinker Phase Formation
2.1 Onset of Alite Formation
The formation of alite, the most important strength-giving mineral in Portland cement, is strongly temperature-dependent. Laboratory studies using X-ray powder diffraction have established that alite begins to appear at temperatures as low as 1200°C when mineralizers such as fluorine ions are present in the raw mix . In the absence of mineralizers, the critical temperature range for abundant alite formation is between 1300°C and 1350°C. Below 1300°C, belite and free lime remain the dominant phases, indicating incomplete reaction .
A study investigating clinker produced with desulfurization slag (DS) additions demonstrated this relationship quantitatively. Clinkers prepared with 10% DS exhibited detectable alite at 1200°C, with most alite formation completed before 1250°C. In contrast, clinkers without DS showed the critical temperature range for alite formation to be between 1300°C and 1350°C, with alite content increasing gradually from 1350°C to 1450°C .
2.2 Free Lime Consumption as a Function of Temperature
The disappearance of free lime (f-CaO) serves as the most direct and reliable indicator of clinker formation completeness. Free lime represents unreacted calcium oxide that has not combined with silica, alumina, and iron oxide to form clinker minerals. High free lime content is associated with poor clinker quality, reduced cement strength, and potential unsoundness.
Experimental sintering studies consistently demonstrate that residual free lime decreases markedly with increasing firing temperature. In a study firing raw meal with mineralizers at 1200°C, 1300°C, and 1400°C for two hours, high amounts of free lime were present in samples fired at 1200°C. Free lime content decreased progressively with temperature, and at 1400°C, complete disappearance of free lime was observed, with insoluble residue below 1.40%, indicating completely formed clinker .
Similar results were reported for low-temperature clinker synthesis using raw materials from Western Mongolia. Increasing sintering temperature from 1100°C to 1300°C markedly reduced residual free CaO, with gypsum addition further promoting CaO assimilation. Nonlinear regression identified an optimum near 1.39 wt.% gypsum at 1300°C, corresponding to a predicted free-lime content of approximately 1.25 wt.% .
A comparative study of clinkers synthesized from ordinary raw mixture and fly ash raw mixture at 1250°C, 1300°C, 1350°C, and 1400°C with 60-minute retention concluded that 1250°C and 1300°C are insufficiently high for proper clinker formation. Both mixtures required sintering at 1350°C or 1400°C to achieve acceptable clinker quality .
3. The Role of Liquid Phase Formation
3.1 Liquid Phase as a Reaction Medium
At the burning zone temperature of approximately 1450°C, approximately 20–30% of the clinker material enters a liquid (molten) state . This liquid phase is not merely a byproduct of high temperature but serves an essential function: it acts as a solvent and transport medium that facilitates the reaction between calcium oxide and the silicate, aluminate, and ferrite components of the raw meal. Without the liquid phase, the solid-state reactions required to form alite would be impractically slow.
The formation of liquid phase is highly temperature-sensitive. The amount of liquid increases with temperature above the eutectic point of the system, and its viscosity decreases, enhancing ionic mobility and reaction rates. Minor components such as alkalis, sulfur, and magnesium influence the liquid phase properties, including its viscosity, surface tension, and temperature of formation.
3.2 Temperature Effects on Liquid Phase Properties
Research on clinker nodulization has shown that K₂O and SO₃, which form low-melting-point alkali sulfates, concentrate in the surface layer of the moving raw mix mass in the rotary kiln. This concentration encourages agglomeration and the precipitation of alite and nodulization on a large scale when interstitial liquid occurs . The temperature at which this liquid forms and its properties directly affect the efficiency of clinker formation.
The fine textures of alite crystals provide evidence of the thermal conditions during formation. With increasing firing temperature, the constituent phase of alite changes from M1 to M3 and further to T2 . Heating rates both below and above the liquid formation temperature greatly influence crystal morphology and phase constitution. These textural features serve as indicators of the thermal history of the clinker and the progress of firing in the kiln.
4. Temperature Effects on Mineral Phase Composition
4.1 Alite and Belite Contents
Quantitative phase analysis by X-ray diffraction has established clear relationships between sintering temperature and clinker mineralogy. A study of clinker produced with solar waste sand (SWS) as a supplementary raw material showed that C₃S content increased steadily with temperature, reaching a maximum of 55.64% at 1350°C, before decreasing at 1450°C. The β-C₂S content was highest at 1250°C, decreased steadily up to 1350°C, and then increased again at 1450°C. The decrease from 1250°C to 1350°C reflects the reaction of β-C₂S with CaO to form C₃S .
At the optimal temperature of 1350°C, both C₃S (55.64%) and β-C₂S (18.67%) contents fell within the recommended ranges of 50–70% and 15–30%, respectively, for high-quality clinker. This temperature was identified as the best peak temperature for SWS clinker production, with the presence of a thin amorphous layer at the clinker nodule bases suggesting that the optimal sintering temperature might lie slightly below 1350°C .
4.2 Aluminate and Ferrite Phases
The behavior of C₃A and C₄AF with temperature differs from that of the silicate phases. In the SWS clinker study, C₄AF content initially increased from 12.52% at 1250°C to 19.70% at 1300°C, indicating increased solid-state reaction, then decreased from 4.62% at 1350°C to 1.95% at 1450°C. The absence of C₃A in all SWS clinkers was attributed to the presence of MgO in the raw mix, which can promote C₄AF formation at the expense of C₃A, and to Na₂O increasing the incorporation of Al₂O₃ into C₂S and C₃S crystal lattices .
4.3 The Alite-Belite Ratio as a Performance Indicator
The ratio of alite to belite in the clinker directly influences cement performance. Alite is responsible for early strength development, while belite contributes primarily to long-term strength. Higher burning temperatures favor alite formation over belite, provided sufficient lime is available and reaction times are adequate. The evolution of the relative intensity ratio of major alite to belite XRD peaks serves as a semi-quantitative microstructural index of burnability, aligning with free lime trends .
5. Temperature and Raw Meal Reactivity
5.1 Particle Size and Reaction Completeness
The effect of temperature on clinker formation is mediated by the physical characteristics of the raw meal, particularly the particle size of the calcareous component. A study examining the effect of calcareous material particle size on burnability demonstrated that fine calcareous meals promote a direct and efficient pathway to high-alite clinker, while coarse calcareous meals result in a stalled reaction sequence characterized by belite accumulation and unreacted lime .
XRD patterns of clinkers derived from fine calcareous meals exhibited sharp and intense alite diffraction peaks, with markedly diminished or absent belite and free lime peaks, indicating complete consumption of reactants. In contrast, clinkers from coarse meals showed significantly more intense belite peaks and a discernible CaO peak, with broader and less intense alite peaks indicative of smaller crystal size or microstrain resulting from hindered growth in a matrix with persistent unreacted components .
5.2 Diffusion-Controlled Reactions
The application of equilibrium phase diagrams to industrial clinker formation has clarified the diffusion-controlled nature of the reactions. Microscopic examination reveals that clinker mineral composition and texture vary considerably from one area to another due to the random distribution of raw meal particles. At the burning temperature, regions can be defined from the isothermal section of the CaO-Al₂O₃-SiO₂ system in two- and three-phase fields. The interchange of reactants between these areas is diffusion-controlled, and in normal clinker compositions, C₂S-C₃S regions are always separated from CaO regions by a region consisting entirely of C₃S + melt .
This understanding has practical implications: relatively coarse particles of raw meal components with high SiO₂ content give rise to large, inhomogeneous belite areas that cannot be "burnt off" regardless of temperature. The fineness of the raw mix influences composition variations between regions as well as the reaction rate of CaO consumption. If the free CaO after burning at a given temperature and time is known, it is possible to calculate the relative CaO content for burning at various temperatures and times, enabling evaluation of the effects of altered grinding and temperature .
6. Consequences of Temperature Deviation
6.1 Under-Burning: Insufficient Temperature
When the material temperature fails to consistently reach the required level (typically 1400–1450°C for material, corresponding to flame temperatures of approximately 2000°C), the chemical reactions remain incomplete. This condition, known as under-burning or under-sintering, results in high levels of unreacted free lime in the clinker .
The consequences of under-burning are significant. Free lime hydrates expansively after the cement has set, causing volume instability and potential cracking of concrete. Cement produced from under-burnt clinker exhibits poor quality with low strength development. The clinker may also have undesirable color characteristics—clinker burned under reducing conditions due to insufficient oxygen (often associated with low temperature operation) assumes a yellowish-brown color instead of the normal deep brown or black of properly burned clinker, and the resulting cement is off-color .
6.2 Over-Burning: Excessive Temperature
Exceeding the optimal burning temperature is equally problematic. Over-burning wastes significant fuel, increases production of harmful NOx emissions, and can cause severe damage to the kiln's protective refractory lining, leading to costly downtime and repairs. Over-burning can also create large, less-reactive clinker crystals and operational issues such as ring formation inside the kiln .
The effects of over-burning on clinker mineralogy include the formation of large-grown alite crystals, as observed in clinkers burned at 1450°C with high SO₃ content. The fusion temperature of clinker decreases with increasing SO₃ content, and clinkers with 3–6% SO₃ burned at 1450°C showed maximum bending and compressive strength. However, clinkers with SO₃ content over 6% exhibited expansive effects in length change in water and air, indicating that excessive temperature combined with high sulfate content produces undesirable clinker characteristics .
6.3 The Optimal Temperature Window
The industrial target for material temperature in the burning zone is approximately 1450°C. This temperature ensures formation of essential strength-giving compounds while avoiding the adverse consequences of excessive heat. The flame temperature from the burner must be significantly higher, often reaching 2000°C, to transfer sufficient energy to heat the material to 1450°C .
Operational data from industrial kilns confirm that maintaining burning zone temperature around 1400°C is necessary to keep clinker quality within the optimal range. In a study of a KCP cement plant kiln, the raw meal feed rate had to be adjusted to maintain the burning zone temperature near 1400°C, with temperature monitoring accomplished through camera-based observation .
7. Temperature Monitoring and Control
7.1 Challenges in Temperature Measurement
Temperature measurement in the rotary kiln burning zone is a challenging task. Pyrometer readings are often unreliable due to dust, flame radiation, and the hostile environment. This has led to the application of alternative monitoring techniques, including image processing of camera pictures to quantify temperature inside the kiln at different zones .
7.2 Intelligent Control Approaches
Advanced control systems have been developed to maintain burning zone temperature within the desired range. An Adaptive Neuro-Fuzzy Inference System (ANFIS) controller demonstrated superior performance compared to other intelligent control techniques for rotary kiln temperature control, achieving training accuracy of 89.34% and testing accuracy of 94.21% .
Kiln torque measurement provides a relative estimate of burning zone temperature: as temperature increases, the amount of molten material increases, causing material to be carried further up the kiln side as it rotates, which increases required torque. The relationship between power consumption, torque, and rotational speed is expressed as P_k = 2πnT_q, where n is rotational speed and T_q is torque .
8. Implications for Clinker Quality and Grindability
8.1 Strength Development
The temperature history of clinker formation directly influences the strength development characteristics of the resulting cement. Clinkers with well-formed alite crystals resulting from proper burning temperature exhibit superior early strength, while adequate belite content ensures continued strength gain over time. The bending and compressive strength of mortar made from clinkers burned under appropriate conditions shows maximum values when SO₃ content is in the range of 3% to 6%. However, clinkers with SO₃ content over 6% burned under 1300°C, which have ill-grown alite crystals on account of incomplete burning, are lacking in strength development .
8.2 Grindability
The temperature at which clinker is formed affects its grindability through influences on crystal size, porosity, and phase composition. The hardening phenomenon of clinker becomes apparent with decreasing temperature, with post-peak behaviors manifesting characteristics of transformation from plasticity to brittleness. The elastic modulus and compressive strength of cement clinkers increase with decreasing temperature. The compressive strength of clinkers increases by 73.4% when the temperature drops from 1100°C to 800°C .
Clinker produced at lower temperatures with mineralizers has been found to be better subjected to grinding, reducing the electric power consumption for cement grinding and the wear on grinding bodies. Experimental clinker produced with mineralizing additives at 1300–1350°C showed improved grindability compared to clinker formed at 1450°C .
9. Conclusion
The effect of kiln temperature on clinker formation is multifaceted, governing reaction thermodynamics, kinetics, liquid phase properties, and mineral phase composition. The empirical evidence from laboratory sintering studies and industrial operations establishes that:
1. Alite formation begins at temperatures as low as 1200°C with mineralizers, but the critical temperature range for abundant alite formation is 1300–1350°C in their absence.
2. Complete free lime consumption—the definitive indicator of clinker formation—typically requires temperatures of 1400–1450°C, depending on raw meal characteristics and mineralizer content.
3. The liquid phase that forms at approximately 1450°C is essential for facilitating the reaction between CaO and silicate components, but excessive temperature leads to over-burning, fuel waste, refractory damage, and formation of less-reactive clinker.
4. The optimal temperature window balances completeness of reaction against energy consumption and clinker quality, with 1350–1450°C representing the practical range for most raw mixes.
5. Temperature effects are mediated by raw meal fineness, particle size distribution, and the presence of minor components that influence liquid phase formation and reaction kinetics.
The investigation underscores the importance of precise temperature control in the rotary kiln burning zone. Advances in monitoring technology, including camera-based image processing and intelligent control systems, offer pathways to maintain optimal thermal conditions and ensure consistent clinker quality while minimizing energy consumption and environmental impact.

