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Abstract

Ring formation in rotary kilns is a major operational problem in the ferronickel dry smelting
process, in which nickel laterite ore undergoes drying, calcination, and partial reduction.
Excessive ring accretion reduces thermal efficiency and disrupts stable kiln operation. In
this study, the mechanism of ring formation was investigated through a combined approach
integrating laboratory-scale experiments and long-term operational data obtained from
a large-scale industrial rotary kiln. The effects of ore composition, particle size, and
temperature on melting and sintering behavior were examined, and their correlations with
operating variables such as fuel input and kiln rotational speed were analyzed. The results
show that ring formation is governed by the selective melting and adhesion of low-melting
constituents, particularly in ores with low basicity (MgO/SiO2 < 0.55) and high Fe content
(>14 wt.%). A high fraction of fine particles (<75 µm) further promotes adhesion due
to their lower melting temperature and enhanced mechanical retention on the refractory
surface. In industrial operation, localized overheating near the burner zone and low kiln
rotational speeds (0.9–1.1 rpm) significantly accelerate ring growth. These findings provide
a mechanistic understanding of ring formation and suggest that appropriate ore blending
and optimized control of fuel input and kiln rotation are effective strategies for mitigating
ring accretion in commercial ferronickel rotary kilns.

Keywords: ring formation; ferronickel; rotary kiln; Nickel calcine; Serpentine thermal
decomposition

1. Introduction
In all ferronickel and iron ore rotary kiln operations, the burner is installed at the

end opposite to the feed inlet. Due to direct flame impingement and intense radiative
heat transfer, the region near the burner, typically located approximately 3–15 m from the
discharge end, exhibits the highest temperature along the entire kiln length [1,2]. In recent
years, with the escalation of electricity costs and the tightening of carbon emission regula-
tions, considerable efforts have been made across the industry to increase the discharge
temperature of calcine ore from rotary kilns in order to reduce the energy consumption
of subsequent electric furnace processes. However, when the fuel input to the burner is
increased to elevate the discharge temperature, localized overheating occurs in the vicinity
of the burner. As a result, partial melting and agglomeration of the ore take place, and a
repetitive thermal cycle of melting, adhesion, and solidification is established during kiln
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rotation. This process frequently leads to the formation of ring-like accretions on the kiln
lining, as illustrated in Figure 1. In the case of iron ore pellets, strong ring formation has
been reported to occur at temperatures above 1200 ◦C [3].

Figure 1. Schematic illustration of ore ring accretion in a ferronickel rotary kiln.

Several studies have demonstrated that the presence of low-melting liquid phases
such as low-molecular-weight silica, alkali species in coal ash, and low-melting complex
silicates promotes ring formation in rotary kilns [4,5]. In rotary kilns used for iron ore
processing, when the feed is mixed with reductants such as coal, partial reduction of
hematite generates Fe2+ ions, which further facilitates the formation of low-melting silicate
phases [6,7]. These low-melting compounds may react with the refractory lining of the kiln,
leading to refractory degradation through repeated adhesion and spalling. In addition,
fine low-melting powders can infiltrate small cracks within the refractory lining and act as
strong binding agents, thereby intensifying accretion [8,9]. Such ring formation reduces
the effective cross-sectional area of the kiln, impedes material flow, accelerates gas velocity,
and deteriorates heat-transfer efficiency. When excessive growth occurs, the rings may
collapse and be discharged as large fragments, sometimes several meters in size, resulting
in severe operational disruptions, including unplanned shutdowns [10,11]. Nickel ores
from New Caledonia originate from mafic and ultramafic rock formations uplifted from
the oceanic crust. During prolonged weathering, nickel and iron partially substitute for
magnesium within serpentine minerals formed by the hydration of olivine and pyrox-
ene [12–16]. In New Caledonian nickel ores, the serpentine group is dominated primarily
by the lizardite polymorph. Talc, quartz, and forsterite in nickel ore are considered to be
partially generated during the serpentinization of peridotite and pyroxene, as described
by Equations (1) and (2), while minor amounts of goethite are presumed to originate from
limonite in the overburden layer introduced during mining operations [14,15].

2Mg2SiO4 (Olivine) + 3H2O → Mg3Si2O5(OH)4 (Serpentine) + Mg(OH)2 (1)

2MgSiO3 (Pyroxene) + H2O → Mg3Si2O5(OH)4 + SiO2 (2)

Upon heating in a rotary kiln, these hydrated ores undergo dehydroxylation at ap-
proximately 500–600 ◦C, transforming into metastable magnesium silicates. Subsequent
decomposition and phase transformation occur at 800–1000 ◦C, producing more stable
silicate phases with simpler crystal structures, such as forsterite and enstatite [17–22].
Serpentine (lizardite) and talc possess a phyllosilicate (layered) structure characterized
by well-developed cleavage planes. Due to their relatively soft and brittle nature, these
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minerals readily disintegrate into fine particles during thermal decomposition under the
rotational motion of a rotary kiln, resulting in substantial compositional variation among
individual particles. [23,24]. In contrast, unhydrated minerals such as quartz and olivine
exhibit comparatively robust crystal structures and are less prone to fragmentation during
heating. Particles enriched in Fe and SiO2 are known to form low-melting silicates such as
FeO·SiO2 under reducing conditions, thereby accelerating melt adhesion to the kiln lining.
Several studies have also reported that such fine particulates directly contribute to ring
accretion [3,25].

Rotary kilns are widely used in large-scale cement production and direct reduced
iron (DRI) processes. Extensive investigations have been conducted on ring formation
phenomena as a function of operational conditions, raw material composition, temperature
profiles, and coal characteristics [3,9,26]. However, in ferronickel production, research has
largely been limited to laboratory-scale batch-type kiln experiments and studies focusing
on smelting reduction within rotary kilns. Systematic investigations addressing ore-specific
effects and long-term operational data from large-scale industrial kilns, particularly with
respect to particle size distribution, fuel injection rate, kiln rotational speed, and ore miner-
alogical characteristics, remain relatively scarce [17,26,27]. In other words, comprehensive
analyses integrating microscopic aspects such as the influence of fine particles generated by
fragmentation, ore chemistry, and the mineralogical characteristics of ring deposits with op-
erational parameters, including rotational speed, in-kiln temperature, and coal (reductant)
charging rate, remain insufficient. To enhance the energy efficiency of ferronickel smelting,
it is necessary to increase the calcine discharge temperature while simultaneously maintain-
ing production targets. Minimizing ring formation is therefore essential, which requires an
integrated understanding from both mineralogical and industrial operational perspectives.
To clarify the technological context of the present study, representative previous studies
on rotary kiln ring formation, furnace size, raw materials and operating conditions are
summarized in Table 1. The present study aims to elucidate the mineralogical and ther-
mochemical mechanisms of ring formation in New Caledonian nickel ore and to identify
the key factors governing ring growth in a large-scale commercial rotary kiln based on
long-term operational data. Furthermore, practical mitigation strategies through process
parameter optimization are proposed.

Table 1. Review of previous studies on ring formation indicating numerical data of mechanical
specifications and operational conditions. Kiln size, raw materials used, and operation conditions are
given and compared between the previous and present studies.

Literatures Kiln/Furnace Size Raw Material Operating/Experimental Conditions

Pisaroni et al.
(2012) [10]

CFD model,
Length and diameter N.R.

Calcium-bearing limestone,
aluminum-bearing material

Operation temp.: ~1800 ◦C
rotational speed N.R.

Tsuji and
Tachino (2012) [1] 72 m length × 4.2 m diameter Saprolite Ni ore, anthracite,

limestone
Operation temp.: 1000–1400 ◦C

Rotating speed: N.R.

Tsuji and
Tachino (2012) [27] Batch-type experimental kiln Saprolite Ni-ore briquettes Ring formation temp.: 1200 ◦C

Rotational speed: 0.33 rpm

Wang et al.
(2019) [28]

Industrial rotary kiln (size
N.R.) and experimental

furnace
Iron ore particles

Experimental temp.: 1000–1200 ◦C
Na2O: 0.15–1.15%

Rotation speed: N.R.

Guo et al.
(2023) [3] Laboratory tubular furnace Iron concentrate powder, flux,

and bentonite

Experimental temp.:
—Preheating: 950 ◦C
—Roasting: 1250 ◦C

Eriksson et al.
(2019) [9]

150 m length × 3.4 m
diameter Limestone

Calcination zone temp.: 800–915 ◦C
Product temp.: 1311–1500 ◦C

Rotational speed N.R.
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Table 1. Cont.

Literatures Kiln/Furnace Size Raw Material Operating/Experimental Conditions

Yi et al.
(2022) [29] 15 m length × 1.5 m diameter Low-grade iron ore pellets Operation temp.: 1000–1100 ◦C

Rotation speed: 0.6–1.0 rpm

Alqenai et al.
(2026) [30]

Laboratory electric rotary
furnace (1.2 m length) Coal ash Experimental temp.: 1100–1250 ◦C

Rotation speed: 7 rpm

Guo et al.
(2022) [31] Laboratory tube furnace Iron ore pellet

Experimental temp.: 1100–1300 ◦C
(deposit range: 1200–1250 ◦C)

Rotation speed N.R.

Wang et al.
(2021) [5] Rotary kiln size N.R. Iron ore pellets Review of existing literature

Sintering temp.: 1200–1350 ◦C

Wang et al.
(2022) [7] Laboratory tube furnace Iron ore pellets, unburnt

pulverized coal
Experimental temp.: 1200–1250 ◦C

Rotation: N.R.

Present Study 131 m length × 5.5 m inner
diameter

New Caledonian lateritic
nickel ore

Calcine temperature: 800–900 ◦C
Ring formation temp.: 1200–1400 ◦C

Fuel coal: 3–7 ton/h
Typical rotating speed: 0.9–1.5 rpm

Note: N.R. = not reported in the cited study.

2. Materials and Methods
In this study, nickel ore mined in New Caledonia and used in a ferronickel smelter,

together with calcine produced during the rotary kiln process and ring accretions formed
on the kiln lining, were systematically analyzed in terms of chemical composition, mineral
phases, and thermal behavior. The primary objective was to elucidate the mechanism
of ring formation and the principal factors influencing this phenomenon. The chemical
composition of the nickel ore employed in this study is summarized in Table 2. The chemical
compositions presented in Table 2 were determined by averaging the results obtained from
analyses of at least three representative samples for each ore type. Calcination of the ore
and investigation of ring accretion were conducted using a large-scale industrial rotary
kiln with an inner diameter of 5.5 m and a length of 131 m. The kiln was operated at an ore
feed rate of 130 ton·h−1, a rotational speed ranging from 0.1 to 2.7 rpm, and an inclination
angle of 1.2◦. Industrial rotary kilns typically have diameters of 5–6 m and lengths of
100–150 m [32]. The calcine discharge temperature ranged from 750 to 950 ◦C. The internal
residence time of the ore varies depending on the rotational speed and can be estimated
using Equation (3):

Retention time (min) =
1.77 × θ0.5 × L

S × N × D
(3)

where θ is the angle of repose of the ore (35.5◦), L is the kiln length (131 m), S is the kiln
inclination (1.2◦), D is the internal kiln diameter (5 m), and N is the rotational speed (rpm).

Table 2. Chemical composition (wt.%) of lateritic nickel ores from major mining areas in New Caledo-
nia used in this study. Fe(total) denotes total iron content, and M/S represents the MgO/SiO2 ratio.

Mine Ni H2O Fe(total) MgO SiO2 Al2O3 Cr2O3 Fe/Ni M/S

Ouaco 1.98 23.2 12.9 25.1 40.5 1.22 0.95 6.49 0.62

Poya 1.98 20.9 10.2 25.6 45.2 0.54 0.77 5.15 0.57

Nakety 1.95 27.3 16.2 22.4 37.8 1.53 1.24 8.30 0.59

Kouaoua 1.96 24.1 17.5 24.7 32.0 1.92 1.27 8.94 0.77
M/S: MgO/SiO2.
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In this rotary kiln, ring accretions were typically observed at locations 5–15 m from
the end of the rotary kiln, with thicknesses ranging from approximately 500 to 1000 mm.
The chemical compositions of the ore, calcine, and ring accretions were analyzed by X-ray
fluorescence (XRF; S4 EXPLORER, Bruker AXS GmbH, Karlsruhe, Germany). Elemental
distribution mapping of Mg, Si, and Fe within the ring accretions was performed using
an electron probe microanalyzer (EPMA; JXA-8530F, JEOL Ltd., Tokyo, Japan). Miner-
alogical phases of the ore and ring samples were identified by X-ray diffraction (XRD;
D/Max-2500 V, Rigaku Corporation, Tokyo, Japan). Direct sampling of ring deposits from
the operating kiln poses significant safety risks. Therefore, detached ring fragments were
collected for analysis. A total of ten samples were obtained and averaged for representative
data. Calcine samples were collected at approximately 900 ◦C from the discharge end of
the rotary kiln.

The thermal decomposition behavior and phase transformation temperatures of the ore
were evaluated using differential thermal analysis (DTA) and thermogravimetric analysis
(TGA) with Setaram SETSYS Evolution (Caluire, France) and CAHN TG-171 instruments
(Cerritos, CA, USA), respectively. High-temperature behavior and melting characteristics of
the ore, calcine, and ring samples were analyzed using a custom-built heating microscope
(Okdu electric furnace, Seoul, Republic of Korea), as illustrated in Figure 2. The temperature
was increased from 500 to 1500 ◦C at a heating rate of 10 ◦C·min−1, and heating was
terminated when the specimen was judged to have reached a molten state. Cylindrical
specimens with a diameter of 5 mm and a height of 8 mm (Figure 2b) were prepared
by uniaxial pressing under a load of 10 kgf. The samples were fabricated from sintered
materials that were subsequently crushed and sieved to a particle size below 200 mesh
(≤75 µm). In this study, particles with sizes smaller than or equal to 75 µm were classified
as “fine ore”, whereas particles with sizes larger than or equal to 1 mm were classified as
“coarse ore”. As shown in Figure 2c, melting was defined as the point at which the specimen
height decreased to less than 50% of its original height. All additional testing procedures
were conducted in accordance with DIN 51730. To evaluate the sintering characteristics
associated with ring formation during the heating of nickel ore, phase transformations
and sintering behavior under controlled temperature and atmospheric conditions were
investigated using a Tammann furnace (Figure 3). The experimental temperature range
was set between 1000 and 1300 ◦C.

Figure 2. Heating microscope system for high-temperature observation of softening and melting be-
havior: (a) experimental setup including the heating furnace and optical imaging unit; (b) cylindrical
specimen prepared for softening and melting evaluation; (c) real-time analysis screen showing the
specimen silhouette and temperature profile during heating.
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Figure 3. Schematic diagram of the Tammann furnace system used to evaluate the sintering behavior
of ore, calcine, and ring accretion under controlled temperature and gas atmospheres.

After reaching the target temperature, the specimens were held isothermally for 10 min,
followed by furnace opening and air cooling. The heating rate was fixed at 10 ◦C·min−1,
considering the actual residence time inside the rotary kiln (approximately 90–120 min).
The experimental atmospheres included air, argon (Ar), and reducing gas mixtures with
CO/CO2 ratios of 1:1, 7:3, and 9:1. Under these conditions, the theoretical equilibrium oxy-
gen partial pressure ranged from 7.7 × 10−15 to 2.52 × 10−12 atm. The sintered specimens
were fabricated in cylindrical form with a diameter of 13 mm and a height of 7 mm and
were uniaxially pressed under a load of 1 tonf, approximately 9.8 kN. The specimens were
prepared from crushed and sieved powders with particle sizes below 200 mesh (≤75 µm).
Melting tests using the heating microscope and the heating/sintering experiments using
the Tammann furnace were conducted to comparatively assess the relative susceptibility
of different samples to ring formation. Because it is difficult to experimentally determine
the melting characteristics for all possible ore compositions, composition-dependent melt-
ing temperatures and phase equilibria were further predicted using the thermodynamic
calculation software FactSage 8.2. In these calculations, the atmospheric oxygen partial
pressure was applied to examine variation in melting temperature associated with changes
in oxide phase composition. To improve the reliability of the experimental results and
ensure repeatability and reproducibility, repeated measurements and tests were performed
using the same samples. XRF and XRD analyses were conducted in duplicate for each
sample, whereas EPMA analysis was performed at three representative locations on each
sample. The heating microscope and Tammann sintering tests were also repeated twice
under identical experimental conditions. Furthermore, the industrial operational data
used in this study were collected over more than six months of plant operation, with
approximately three to six data points obtained per month.
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3. Results
3.1. High-Temperature Behavior of the Ore

To elucidate the melting and adhesion characteristics associated with ring formation,
a mineralogical analysis of the nickel ore was conducted. Previous studies [3,27] have
reported that smaller particle sizes facilitate ring accretion in rotary kilns. Therefore,
phase analysis was performed as a function of particle size. The results indicate that
the nickel ore consists predominantly of serpentine ((Mg,Fe,Ni)3Si2O5(OH)4) and talc
((Mg,Fe,Ni)3Si4O10(OH)2), with minor amounts of quartz (SiO2), as shown in Figure 4a.
In general, coarser particles contain relatively higher fractions of quartz and forsterite,
whereas finer particles exhibit increased contents of serpentine and talc. This trend is
attributed to the more extensive weathering experienced by smaller particles. In addition,
the content of goethite ((Fe,Ni)O(OH)) increases in the finer fraction, depending on the
degree of weathering, mining conditions, and the composition of the parent rock. It is well
established that higher Ni contents are typically associated with increased talc fractions,
whereas ores derived from the upper weathered layers of the deposit contain higher
goethite contents due to intense surface weathering [13]. These compositional variations
suggest that fine-grained ores, following dehydration and thermal decomposition, are more
prone to forming low-melting silicate phases, thereby increasing their susceptibility to ring
accretion in the rotary kiln. In addition, a ferrosilite phase was identified in most of the
samples, indicating that Fe present in the ore partially substitutes for Mg within the silicate
lattice. However, previous studies have reported that substitution of Mg by Fe or Ni in
minerals such as forsterite induces only negligible lattice distortion, resulting in shifts in
the XRD 2θ peak positions of far less than 1◦ [33,34]. Furthermore, the amounts of Fe and
Ni substitution are relatively small compared with the overall MgO and SiO2 contents.
Therefore, in the present study, the influence of Fe- and Ni-substituted mineral phases was
reasonably approximated within the MgO–SiO2 system without introducing significant
error. A comprehensive summary of the mineral phases identified in the ore, calcine, and
detached clinker (spalled ring fragments) is presented in Table 3.

Table 3. Quantitative phase composition (wt.%) of ore, calcine (900 ◦C), and clinker samples.

Mineral Phase Ore (<0.075 mm) Ore (>1 mm) Calcine (900 ◦C) Clinker

Serpentine/Lizardite ((Mg,Fe)3Si2O5(OH)4) 54.8 29.3

Quartz (SiO2) 3.9 43.0 14.8

Forsterite ((Mg,Fe)2SiO4, Olivine) 5.3 22.0 66.8 56.7

Talc ((Mg,Fe)3Si4O10(OH)2) 35.1 5.7

Enstatite ((Mg,Fe)SiO3, Pyroxene) 18.4 23.0

Goethite (FeO(OH)) 0.9

Spinel ((Mg,Fe)Al2O4) 20.3

Total 100 100 100 100
Blank cells indicate that the corresponding phase was not detected.

In the calcine and clinker samples, thermal decomposition of serpentine (lizardite)
and talc resulted in the formation of forsterite and enstatite phases. Figure 4b illustrates
the temperature-dependent phase evolution of the Ouaco nickel ore. As the temperature
increases, the enstatite phase becomes more pronounced, whereas the fraction of forsterite
slightly decreases.
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Figure 4. (a) XRD patterns of Ouaco nickel ore as a function of particle size: the fine fraction (<0.1 mm)
and coarse fraction (>5 mm) are compared to illustrate mineralogical variations with particle size.
(b) XRD patterns of Ouaco nickel ore calcined at different temperatures.

This behavior is attributed to the enhanced thermal decomposition of talc and ser-
pentine at elevated temperatures, which promotes the formation of quartz and enstatite
and increases the activity of SiO2, thereby facilitating enstatite formation according to
Equations (4) and (5):

Mg3Si4O10
(
OH)2 (Talc) → 3MgSiO3 (Enstatite) + SiO2 + H2O(900–1050◦C) (4)

Mg2SiO4 (Forsterite) + SiO2 → 2MgSiO3 (Enstatite) (5)

In the clinker samples, quartz was scarcely detected, whereas a significant amount
of spinel phase was observed. This suggests that quartz reacted at high temperatures in
the molten state with alumina (Al2O3), which is relatively enriched in the fine particles
(Table 3), leading to spinel formation as expressed in Equation (6):

MgO, FeO + Al2O3 → (Mg, Fe)Al2O4 (6)

This phenomenon indicates that the clinker fragments were exposed to high temper-
atures for a prolonged period within the ring formation zone compared with the bulk
calcine. Considering the internal temperature profile of the 131 m industrial rotary kiln
used in this study, chemical dehydration (dehydroxylation) and thermal decomposition
reactions of the nickel ore are expected to initiate approximately 50 m from the burner end.
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For hydrated minerals such as serpentine and goethite, chemically bound water is removed
at temperatures above approximately 600 ◦C, whereas further thermal decomposition
into simpler oxide and silicate phases including enstatite, forsterite, and wüstite occurs at
temperatures exceeding approximately 800 ◦C [18,19,22].

Although slightly different interpretations have been proposed regarding the thermal
decomposition of serpentine, it is generally accepted that dehydration occurs in the interme-
diate temperature range of 600–800 ◦C, accompanied by transformation into an amorphous
phase and the partial formation of low-molecular-weight products such as forsterite. At
higher temperatures (approximately 800–1000 ◦C), the formation of new crystalline phases
and subsequent crystal growth occur [18,20]. The dehydration and thermal decomposition
of serpentine can be summarized by Equations (7)–(9).

➢ Low-temperature dehydration (400–600 ◦C):

(Mg, Fe, Ni)3Si2O5(OH)4 → (Mg, Fe, Ni)3Si2O5(OH)4−x + xH2O (7)

➢ High-temperature dehydroxylation (700–800 ◦C):

(Mg, Fe, Ni)3Si2O5(OH)4 → (Mg, Fe, Ni)3Si2O7 + 2H2O (8)

➢ Crystalline phase formation (800–900 ◦C):

(Mg, Fe, Ni)3Si2O7 → (Mg, Fe, Ni)2SiO4 (Forsterite) + (Mg, Fe, Ni)SiO3 (Enstatite )

(9)

In Equation (7), partial dehydration proceeds without significant structural alteration
of the ore, and the serpentine diffraction pattern remains detectable by XRD. Such partially
decomposed phases are occasionally observed in calcine produced under suboptimal
calcination conditions in industrial rotary kilns. In Equation (8), complete dehydroxylation
leads to the formation of a metastable intermediate phase (meta-silicate), during which
a small amount of forsterite may already be detected. In Equation (9), the intermediate
meta-silicate subsequently decomposes and crystallizes into forsterite and enstatite phases.
This stage corresponds to the majority of calcine produced in full-scale industrial rotary
kilns. Goethite also undergoes dehydroxylation in the temperature range of 300–800 ◦C
(Equation (10)), generally at slightly lower temperatures than serpentine [21]:

2FeO(OH) → Fe2O3 + H2O (10)

Talc may be generated through the incomplete thermal decomposition of serpen-
tine. However, mineralogical analysis of the raw ore confirmed that talc is also present
in substantial amounts prior to calcination (Table 3). Upon heating, talc undergoes dehy-
droxylation and forms pyroxene-type enstatite, as expressed in Equation (4) [19]. Under
non-equilibrium conditions, such as rapid thermal shock, talc may decompose to produce
forsterite and enstatite along with quartz (or cristobalite), as described by Equation (11):

Mg3Si4O10
(
OH)2 → Mg2SiO4 + MgSiO3 + SiO2 + H2O (11)

During the calcination of nickel ore in the rotary kiln, high-temperature physical
and chemical transformations can be evaluated using DTA and TGA analyses. Figure 5
presents the DTA and TGA results obtained to characterize the thermal behavior of the
nickel ore during heating. The TGA curve shows a pronounced weight loss in the range
of 600–700 ◦C, which corresponds to the rapid dehydration reactions of serpentine, talc,
and goethite described in Equations (7) and (8). The DTA results reveal an endothermic
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peak within the same temperature interval, consistent with these dehydration reactions. A
minor endothermic effect observed between 200 and 300 ◦C is attributed to the evaporation
of physically adsorbed moisture. In contrast, the sharp exothermic peak near 800 ◦C is
associated with the decomposition of metastable silicate phases such as Mg3Si2O7 and the
crystallization of forsterite and enstatite [18,20].

Figure 5. Thermogravimetric (TGA) and differential thermal analysis (DTA) curves of lateritic nickel
ores during heating, showing the endothermic dehydration and exothermic decomposition reactions
associated with mineral phase transformation.

As shown in Figure 5, although the magnitude of heat flow and weight loss varies
depending on the relative contents of serpentine, talc, and goethite among ores from
different mines, the overall transition temperatures show no significant differences. From
these results, it can be inferred that rapid fragmentation of the ore is likely to occur at
temperatures above approximately 800 ◦C. Accordingly, it may be reasonably assumed that
abrupt ring accretion in the rotary kiln occurs only after the ore has been heated beyond
this temperature range.

Figure 6a presents the high-temperature melting behavior of the ore observed using
a heating microscope. The melting temperature was defined as the temperature at which
the height of the cylindrical specimen decreased to less than approximately 50% of its
original height. Under an oxidizing (air) atmosphere, melting occurred within the range
of 1400–1450 ◦C, with no substantial variation among different ore types. This behavior
is attributed to the fact that, under atmospheric conditions, metallic elements such as Ni
and Fe predominantly exist as oxides (NiO and Fe2O3). Despite compositional differences
among ore types, the equilibrium melting behavior within the MgO–SiO2–Fe2O3 system
therefore occurs within a similar temperature range. In contrast, under CO/CO2 atmo-
spheres, significant deviations in melting temperature were observed depending on the ore
type. Under reducing conditions, the melting temperature of the ore may increase due to an
increase in reduced metallic components, the inhibition of reducing gas penetration caused
by pore blockage within the specimen by reaction products formed during reduction, and
the formation of MgO-rich silicates. Conversely, the formation of low-melting phases such
as fayalite (FeO·SiO2) may lower the melting temperature. Therefore, the observed differ-
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ences in melting temperature among ore types are considered to arise from the combined
effects of these competing phenomena.

The combined and competing effects of these mechanisms result in pronounced differ-
ences in melting temperature among ore types. Since industrial rotary kilns for ferronickel
smelting operate under reducing atmospheres, variations in ore composition are expected
to influence the degree of ring accretion. Moreover, due to kiln rotation, differences in gas–
solid contact conditions may arise compared with laboratory-scale experiments, potentially
leading to discrepancies between experimental and industrial observations. Several studies
have reported that, under reducing atmospheres, the high-temperature softening behavior
of nickel ore strongly depends on its chemical composition [35–37]. This is consistent with
previous findings indicating that increases in FeO content and variations in the MgO/SiO2

(M/S) ratio significantly affect the melting temperature of ferronickel ores and slags [35].
Heating microscope measurements further revealed that the specimen height begins to
decrease gradually above approximately 800 ◦C, which is attributed to dehydration and
thermal decomposition reactions. Under reducing conditions with CO gas, however, par-
tial reduction of Ni and Fe oxides and the formation of low-melting phases, combined
with CO gas evolution, may lead to transient volume expansion in the temperature range
of 900–1100 ◦C. In nickel ore rotary kiln operation, localized reducing environments are
generated in high-temperature regions due to coal addition. The variations in melting
temperature and volumetric behavior observed under CO/CO2 atmospheres in this study
may therefore be interpreted as a simulation of such industrial conditions. In addition,
differences in high-temperature melting behavior are likely influenced by the size and
distribution of recrystallized forsterite and enstatite phases, which constitute the major
fraction of the calcined ore, as well as by minor components such as metal oxides and
SiO2. In particular, when low-melting liquid phases are preferentially formed in specific
ore types, the probability of excessive wall adhesion and ring formation is expected to
increase significantly.

Figure 6b presents the variation in melting temperature as a function of FeO con-
tent in the MgO–SiO2–FeO ternary system, simulated using FactSage under atmospheric
pressure (1 atm). Consistent with previous studies, the melting temperature decreases
with increasing FeO content up to a certain concentration. Within the compositional range
of the ores investigated in this study, a lower MgO/SiO2 (M/S) ratio results in a more
pronounced reduction in melting temperature. As shown in Table 4, elevated FeO content
and reduced M/S ratio are characteristic features of the fine particles and ring accretions.
Such compositional conditions are expected to promote ring formation due to the associ-
ated decrease in melting temperature. This tendency is consistent with the experimental
observations in Figure 6a, where Nakety ore, characterized by a lower M/S ratio and higher
Fe content, exhibited a relatively lower melting temperature under reducing conditions
compared with other ores. In particular, when the FeO content was below 20% and the
M/S ratio was below 0.5, the melting temperature decreased to below 1400 ◦C, in some
cases approaching approximately 1350 ◦C. Furthermore, the Al2O3 content in fine particles
and ring accretions was found to be higher than that in the bulk ore. As illustrated in
Figure 6c, thermodynamic simulations of the SiO2–MgO–FeO–Al2O3 quaternary system
demonstrate that Al2O3 contributes to the formation of low-melting phases. Figure 6c
shows the variation in melting temperature as a function of Al2O3 content at an M/S ratio
of 0.5, which is representative of actual ring accretions. The results indicate that the melting
temperature decreases with increasing Al2O3 content.
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Table 4. Comparison of chemical compositions (wt.%) of ring accretion, coarse ore (>1 mm), and fine
ore (<0.1 mm) from Ouaco.

Accretion/Ore
Chemical Composition (wt.%)

M/S
Ni Fe SiO2 MgO Al2O3 CaO Cr2O3

Ring accretion 2.10 17.5 43.7 20.3 4.50 0.30 1.30 0.46

Ore
(Ouaco)

Coarse
(>1 mm) 1.93 13.8 39.8 22.6 1.50 0.19 1.04 0.57

Fine
(<0.1 mm) 2.32 18.5 38.1 18.3 4.13 0.24 0.72 0.48

For New Caledonian nickel oxide ores with M/S ≈ 0.55 and FeO content in the
range of 14–18%, the Al2O3 content typically ranges from 1 to 3%. This compositional
characteristic indicates an inverse relationship between Al2O3 concentration and melting
temperature. In industrial ferronickel production, rotary kilns are generally operated at
rotational speeds between 0.8 and 1.8 rpm. Pulverized coal or gas burners are commonly
employed as heat sources and are installed near the calcine discharge end. Because the solid
feed and high-temperature combustion gases flow in opposite directions (countercurrent
configuration), the temperature of the raw material gradually increases as it approaches
the discharge end, leading to progressive enhancement of the calcination degree.

Figure 6. (a) Melting temperatures of lateritic nickel ores under different gas atmospheres.
(b) Calculated liquidus temperature as a function of FeO content at different MgO/SiO2 (M/S)
ratios under atmospheric pressure (1 atm) in the FeO–MgO–SiO2 system. (c) Thermodynamically
calculated liquidus temperatures in the FeO–MgO–SiO2–Al2O3 system at M/S = 0.5 as a function of
FeO and Al2O3 contents (1 atm).

3.2. Mechanism of Ring Formation in the Rotary Kiln

In commercial rotary kilns, the highest temperatures are generated in the vicinity of the
burner flame, resulting in correspondingly elevated temperatures at the rotary kiln lining.
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In this study, the highest-temperature region was identified approximately 10–15 m from
the discharge end of the rotary kiln, coinciding with the region where most ring accretion
occurred. Accordingly, in ferronickel rotary kilns, phase transformations and fragmentation
of nickel ore occurring near the flame zone are considered to promote ring formation
through melt adhesion to the inner lining (Figure 1). Because nickel ores contain Fe and Ni
oxides, certain ore types readily form low-melting compounds such as fayalite (2FeO·SiO2)
under reducing gas conditions, as indicated in Figure 6a. This tendency is expected to be
further enhanced in high-temperature regions where fine particles are generated during
thermal decomposition and where substantial amounts of FeO are produced by CO-induced
reduction. In the case of iron ore pellets, it has been reported that ring accretion increases
sharply above 1200 ◦C compared with that at 950 ◦C during DRI formation in rotary
kilns [3]. When particles of various sizes rotate within the kiln, segregation occurs such that
larger particles migrate upward while smaller particles accumulate in the lower portion of
the bed [38,39]. Fine particles accumulated near the wall may become trapped in surface
irregularities of the refractory lining (Figure 7a), where they are readily heated and partially
melted due to the elevated wall temperature. The upper half of the kiln circumference is
directly heated by the burner flame and high-temperature gases, whereas the lower half
is cooled through contact with the ore bed. During continuous rotation, the heated wall
segment passes through the ore bed, allowing fine, low-melting particles to adhere to the
surface. As the kiln rotates further, the adhered layer is reheated and partially remelted in
the upper zone. Repetition of this heating–melting–adhesion–cooling cycle progressively
increases ring thickness. Thus, ring formation during ferronickel calcination proceeds
through a repetitive “heating–melting–adhesion–cooling” mechanism, as schematically
illustrated in Figure 7a–c. This phenomenon becomes more pronounced when a large
temperature difference exists between the refractory lining and the ore bed [10,29]. More
discussion about ring formation is given in Section 4.1.

Figure 7d presents the XRD patterns of ring accretions and calcine. Although the
overall mineral phases of the ring deposits are similar to those of the calcine, quartz is
scarcely present in the ring, whereas spinel phases are observed. This observation indicates
that the ring formation zone experienced higher temperatures and prolonged thermal
exposure, and that relatively elevated alumina contents contributed to spinel formation.
As shown in Table 4, the chemical composition of ring deposits closely resembles that of
fine particles, characterized by significantly higher Fe content and markedly lower basicity
(M/S) compared with the bulk ore. As discussed in Figure 6b,c, such compositional condi-
tions substantially reduce the melting temperature of the material. Integrating the results
presented in Tables 2 and 3 and Figures 6 and 7, it can be concluded that the ore consists
of highly heterogeneous particles. At relatively lower temperatures (<1200 ◦C), particles
with high Fe content and low M/S preferentially form low-melting fayalite (FeO·SiO2),
which adheres to the kiln lining and acts as an initial bonding phase. As the internal kiln
temperature further increases (>1300 ◦C), particles with higher intrinsic melting points
may also melt and adhere, and even large particles exceeding 10 mm in diameter may
become mechanically attached due to the sticky surface condition (Figure 7c). Therefore,
selective adhesion of fine, low-melting particles predominates at relatively lower temper-
atures, whereas at higher temperatures, adhesion becomes less sensitive to particle size
and composition. Consequently, clinkers formed at elevated temperatures often exhibit a
chemical composition similar to that of the average calcine.
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Figure 7. Proposed accretion model for ring formation in a rotary kiln: (a) Surface condition of
the refractory lining, (b) Periodic temperature fluctuation at the lining surface during kiln rotation,
(c) Schematic illustration of selective adhesion of ore particles, showing preferential melting and
attachment of Fe-rich, low-M/S particles at elevated temperatures. (d) XRD patterns of calcine and
ring accretion (clinker). The numerical labels in subfigure (b) indicate (1) mechanical interlocking,
(2) partial melting, (3) full melting/adhesion and (4) cooling.

Figure 8a,b illustrate the cross-sectional compositional distribution of ring accretions
(clinker). In large-scale industrial rotary kilns, post-cooling internal inspection reveals
that the morphology of the accreted layer varies depending on the distance from the
burner, i.e., the local temperature. In relatively low-temperature regions (<1200 ◦C), a
thin (0.1–0.3 m), weakly bonded accretion layer containing fine pores is typically formed,
and a layered structure is frequently observed. In contrast, in high-temperature regions
(>1300 ◦C), the accretion layer becomes significantly thicker (>1 m), and even relatively
large particles from the ore bed adhere to the wall. In such cases, the layer boundaries
disappear due to extensive melting, and large, heterogeneous pores are present within the
structure. These large pores are presumed to originate from CO gas generated by reactions
involving coal particles trapped or adhered within the molten or semi-molten ore. This
feature is characteristic of rotary kiln operations employing solid coal as a reductant and is
commonly observed in rotary kilns processing iron ore or nickel ore. Below 1200 ◦C, partial
sintering may occur due to particles with relatively low melting temperatures. Pronounced
layered structures may develop due to variations in sintering rate caused by fluctuations in
operating temperature. However, in high-temperature zones, rapid melting produces sticky
liquid phases that trap or mechanically attach nearby fine particles, leading to accelerated
ring growth. In industrial practice, rings formed under such high-temperature conditions
have been observed to grow by more than 1 m within a single day. These characteristics
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are also reflected in the EPMA analysis. In relatively uniform microstructures Figure 8a,
the elemental distribution appears comparatively homogeneous. In contrast, accretions
formed rapidly under high-temperature melting conditions (Figure 8b) exhibit pronounced
compositional heterogeneity due to the attachment of partially unmelted large particles.

Figure 8. EPMA elemental mapping of ring accretion (clinker). (a) Clinker formed under relatively
low temperature conditions (<1200 ◦C), showing fine and uniformly distributed pores. (b) Fully
molten clinker formed at higher temperatures (>1300 ◦C), exhibiting irregular, large pores and
compositional heterogeneity. (c) Sintering behavior of lateritic nickel ores under Ar atmosphere.
(d) Comparison of density evolution under Ar and CO atmospheres.

Sintering experiments were conducted on four types of New Caledonian nickel ores
listed in Table 2 using the Tammann furnace shown in Figure 2. The tests were performed
under argon and CO atmospheres, and the degree of sintering was evaluated based on
density changes. The results are presented in Figure 8c. Above 1000 ◦C, a distinct increase in
density with temperature was observed for all ore types, indicating enhanced interparticle
bonding (sintering) and pore reduction due to partial liquid phase formation. In the
case of Poya ore, which has relatively low Fe content, the density increase was limited.
This behavior can be attributed to the relatively small amount of liquid phase formed,
resulting in less effective pore elimination. Figure 8d shows the influence of furnace
atmosphere. Below 1100 ◦C, no significant difference in density was observed among
the different atmospheres. However, at 1200 ◦C, samples sintered under a CO/CO2

atmosphere (CO/CO2 = 1) exhibited higher densities than those sintered under Ar for all
four ore types. This increase is attributed to the reduction of metal oxides such as NiO and
Fe2O3 and the formation of low-melting silicates associated with partially reduced species,
which promote volumetric shrinkage and densification. At temperatures above 1300 ◦C
under a CO atmosphere, swelling caused by CO2 gas generated during the reduction
process reduced the accuracy of density measurements; therefore, these data were excluded
from the present analysis. Such partial melting and swelling associated with internal gas
evolution are frequently observed in rotary kiln accretions, particularly those formed in
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high-temperature regions. It is well established that partially reduced iron ores exhibit
decreased softening temperatures at elevated temperatures. From these results, it can be
inferred that rings formed at relatively low temperatures possess lower density and weaker
mechanical strength due to limited interparticle bonding, whereas rings formed at higher
temperatures are characterized by partial melting, higher densification, and consequently
greater structural integrity.

4. Discussion
4.1. Integrated Mechanism of Ring Formation

The results of this study indicate that ring formation in ferronickel rotary kilns is
governed by the combined effects of ore chemistry, fine particle behavior, local thermal
conditions, refractory surface conditions, and kiln operation. Mineralogical and chemical
analyses revealed that fine particles and ring accretions exhibited similar compositional
characteristics, particularly higher Fe content and lower M/S ratios compared with coarse
ore particles. Heating microscope observations and thermodynamic calculations further
demonstrated that Fe-rich and low M/S ratios are more susceptible to the formation of
low-liquidus-temperature silicate phases under reducing conditions. Consequently, these
particles can act as preferential bonding media during the initial stage of ring formation.
Table 5 summarizes the ring formation mechanisms reported in previous studies. Most
earlier investigations primarily emphasized individual factors, such as low-melting silicate
formation, coal ash chemistry, wall–bed temperature gradients, pellet basicity, and fine-
particle adhesion (also Table 1). However, relatively few studies have comprehensively
integrated ore chemistry, particle-size effects, thermodynamic melting behavior, and long-
term industrial operating data for ferronickel rotary kilns. In contrast, the present study
focuses on the combined influence of Fe content, M/S ratio, fine particle fraction, burner fuel
input, and kiln rotational speed on ring formation in a commercial ferronickel rotary kiln.

Table 5. Review of previous studies on ring formation, including the mechanisms of ring formation
and sintering, as well as their mitigation and countermeasures. A comparison between previous
studies and the present study is also provided.

Literatures Ring Formation & Sintering Mechanism Mitigation & Countermeasures

Pisaroni et al.
(2012) [10]

• Adhesion of fly dust in high-temp zones
• Formation of liquid bridges between particles
• Hardening via solid-state sintering during cooling

• Precise control of internal temperature
profiles by 2nd air injection

• Implementation of mechanical scrapers
• Optimization of burner flame geometry

Tsuji and
Tachino (2012) [1]

• Generation of low-melting silicate liquid phases
• Sintering by liquid phase → formation of liquid

bridges
• 2nd melt by fine ore

• Adjusting basicity to increase the melting
point

• Burner optimization: adjust flame length and
shape

• External cooling: use cooling fans on the kiln
shell

• Variable kiln speed: periodically change the
rotation speed (RPM)

Tsuji and
Tachino (2012)

[27]

• Low-melting liquid phase: MgO–FeO–SiO2
eutectic melt

• Adhesion and growth: sticky melts bond to
refractory walls

• Semi-molten surface layers acting as adhesives
• Consolidation by kiln load and rotational forces

• Chemical control: increase the MgO/SiO2
ratio

• Temperature management: operate below the
solidus line

• Cooling shocks to crack the rings
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Table 5. Cont.

Literatures Ring Formation & Sintering Mechanism Mitigation & Countermeasures

Wang et al.
(2019) [28]

• Initial layer anchoring into the refractory
• Stratified accumulation by cyclic exposure to heat
• Thermal-chemical sintering: alternating oxidation

and reduction cycles

• Homogenizing the ore and coal mixture
• Fines control: strictly limiting particles under

1 mm
• Stable thermal profile: minimizing

temperature fluctuations

Guo et al.
(2023) [3]

• Low-melting slag formation: MgO–CaO–SiO2
creates a fluid silicate melt

• Mineral lattice diffusion: magnesium ions diffuse
into the iron oxide structure, creating complex
mineral bridges

• Controlling the MgO/SiO2 ratio to minimize
the volume of liquid phase

• Sufficient “green strength” in the pre-heat
zone

Eriksson et al.
(2019) [9]

• Impurity-driven melting: SiO2, Al2O3, and iron
oxides react with CaO → formation of low-melting
calcium silicates and aluminates

• Sulfur and ash from coal/coke react with the lime
bed to create sticky sulfate- rich phases

• CaO + CO2 → CaCO3, which acts as a hard
chemical bridge

• Higher-purity limestone with low silica and
iron content: reduction in liquid glue

• Low-sulfur fuels or gas to prevent formation
of sticky calcium sulfates on the kiln wall

• Prevention of localized overheating

Yi et al.
(2022) [29]

• Ash-ore chemical reaction to form low-melting
silicate phases like fayalite

• Sticky ash-derived melts acting as a “glue” to the
refractory

• Coal selection: higher Ash Fusion
Temperature (AFT)

• Operational control: kiln bed temperature
strictly below the ash softening point

Alqenai et al.
(2026) [30]

• Bloating-induced melt: excessive surface liquid
and highly adhesive

• Viscous accretion: molten coal ash phases bridge
individual aggregates

• Addition of regulators to increase melt
viscosity

• Reduction in sintering and retention times
• Smoothing the temperature gradient in the

kiln

Wang et al.
(2022) [31]

• Formation of low-melting fayalite by unburnt coal
particles

• FeO-rich liquid phase acts as a high-strength
adhesive

• Improved coal burnout: increasing coal
fineness and optimizing the primary
air-to-fuel ratio

• Flame trajectory control: keep unburnt
pulverized coal away from the refractory
lining

Present Study

• Selective melting and adhesion of Fe-rich,
low-M/S fine particles

• Repeated heating–melting–adhesion–cooling cycle
near burner zone

• Overheat around front of burner due to too much
fuel

• Control of overheating zone (distribution of
fuel input)

• Increasing rotating speed
• Ore blending (avoid low M/S, high Fe)
• Increasing green pellet strength

The proposed ring formation mechanism can be described as a repeated sequence
of mechanical retention, partial melting, adhesion, solidification, and reheating. Fine par-
ticles accumulated near the kiln wall may become trapped within surface irregularities
of the refractory lining, as schematically illustrated in Figure 7a. These trapped parti-
cles are readily heated and partially melted because of the elevated wall temperature.
The upper half of the kiln circumference is directly exposed to burner flames and high-
temperature gases, whereas the lower half is relatively cooled through contact with the ore
bed. During continuous kiln rotation, the heated wall segment passes through the ore bed,
enabling fine particles with low melting temperatures to adhere to the refractory surface.
As the kiln rotates further, the adhered layer is reheated and partially remelted in the
upper high-temperature region. Repetition of this heating–melting–adhesion–cooling cycle
progressively increases the thickness of the ring accretion. Thus, ring formation during
ferronickel calcination proceeds through a repetitive heating–melting–adhesion–cooling
mechanism, as schematically illustrated in Figure 7a–c.
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In the present industrial kiln, the temperature difference between the overheated
wall region and the ore bed exceeded 100 ◦C (Figure 7b). Because thermocouples in
rotary kilns are enclosed within protective steel sheaths of approximately 5 mm thickness,
measurement delays and localized conditions may lead to underestimation of the actual
peak wall temperature. Consequently, the true wall–bed temperature gradient may be
substantially greater than the measured values. Such large thermal gradients and localized
overheating are known to accelerate ring formation [11,27]. In addition, surface roughness
of the kiln lining has been reported to strongly influence ring adhesion. In practice, ring
formation is often reduced after long-term kiln operation followed by refractory resurfacing
or installation of a new, smoother lining. This observation suggests that cracks and surface
irregularities developed during prolonged service facilitate the initial adhesion of particles.
Examination of the cross-section of adhered ring deposits revealed a denser microstructure
near the lining interface, whereas larger pores (1–3 mm in diameter) were frequently
observed in regions farther from the wall. As ring thickness increases, heat transfer to
the wall becomes less efficient, leading to localized heat accumulation and enhanced
melting near the flame-exposed surface. This process promotes rapid adhesion–melting
behavior in the outer region of the ring layer. At relatively lower temperatures, ring
formation generally requires very fine particles. However, under localized overheating
conditions above approximately 1400 ◦C, adhesion of particles larger than 3–5 mm has also
been observed. When ring formation caused by fine particles becomes severe, it can be
mitigated by pelletizing or briquetting the fine ores before charging them into the rotary kiln.
Inorganic binders are particularly effective under high-temperature operating conditions.

4.2. Analysis of Operational Factors Affecting Ring Formation

Ring formation in a rotary kiln is influenced not only by ore characteristics and
gas atmosphere, but also by operational parameters. In this study, operational variables
associated with the generation of ring accretions in a large-scale industrial rotary kiln
(diameter 5.5 m, length 131 m) were examined. Because ring formation in industrial
rotary kilns proceeds through repeated adhesion and spalling, direct measurement of the
accumulated ring thickness at regular intervals is impractical. Instead, the quantity of ring
material collapsed and discharged from the kiln was measured. Ring fragments larger than
500 mm are discharged through the kiln outlet; therefore, the amount of such discharged
material was used as an indirect indicator of ring generation. Although smaller, fragmented
accretions were excluded from the measurement, the monitoring period exceeded six
months in order to minimize the influence of short-term fluctuations. Figure 9a–c present
the variation in discharged ring accretions as a function of rotary kiln operating conditions.
The influence of pulverized coal feed rate on the burner, calcine discharge temperature,
and kiln rotational speed was analyzed over the same six-month period using the same
equipment. Accordingly, the compositional variation in the charged ore was considered
to have a limited influence, and interaction effects among the operational variables were
assumed to be negligible. The discharged accretion quantity is defined as the mass of
lump-type ring fragments expelled from the kiln divided by the total ore feed. The ore feed
is expressed in dry metric tons (DMT), representing the moisture-free mass.

The relationship between pulverized coal feed rate and ring discharge quantity is
shown in Figure 9a. The unit of discharge (kg/DMT) represents the mass of accretion
discharged per unit dry ore feed. Increasing the pulverized coal input enlarges the flame
and raises the wall temperature, thereby heating both the refractory lining and mechan-
ically retained fines on the wall surface, which promotes ring adhesion. A pronounced
reduction in accretion discharge was observed when the coal feed rate was maintained
below approximately 4.5 ton·h−1. Direct measurement of the wall temperature in the ring
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formation zone was not feasible because ring accretion around thermocouples embedded
in the refractory lining caused rapid temperature drops, resulting in low measurement
accuracy. As shown in Figure 9b, the calcine discharge temperature exhibited no strong
correlation with ring discharge quantity. This is likely because the calcine temperature is
influenced by multiple factors including feed rate, kiln rotational speed, and auxiliary heat
sources and therefore may not directly reflect localized overheating conditions responsible
for melt adhesion. Interestingly, a slight increase in accretion was observed when the
calcine discharge temperature fell below 750 ◦C. This behavior may be attributed to opera-
tional adjustments, such as increased burner input or reduced rotational speed, intended
to maintain calcine temperature, which can induce localized overheating near the burner
zone. These findings suggest that localized overheating within the kiln is more critical
for ring formation than the average bulk temperature of the charge. However, if the bulk
material temperature approaches the melting range and extensive melting and reduction
reactions occur throughout the kiln, a fundamentally different ring formation behavior
may arise [2]. The relationship between kiln rotational speed and ring accretion is shown
in Figure 9c. Increasing rotational speed led to a marked reduction in ring discharge. At
higher rotational speeds, the refractory lining spends less time in the high-temperature
zone, resulting in reduced heating of both the wall and attached fine particles, thereby
suppressing the melting and adhesion of low-melting particles. Although quantitative
data are not presented, experimental observations indicated that higher rotational speeds
and frequent changes in rotating speed increased mechanical stress and fatigue within the
formed ring layer, thereby promoting small-scale spalling and suppressing excessive ring
growth. Moreover, large fluctuations in the fuel charging rate could also impose thermal
shock on the formed ring, thereby inducing earlier collapse of the accreted layer.

Figure 9. Effect of operational parameters on discharged ring accretion in the rotary kiln: (a) fuel
coal input to the burner; (b) calcine discharge temperature; (c) kiln rotational speed. Influence of
ore composition on discharged ring accretion; (d) effect of M/S ratio at a constant Fe level (15–16%);
(e) effect of Fe content at a constant M/S ratio (0.56–0.60); (f) effect of fine ore fraction. To minimize
the influence of interacting variables, the data presented in each graph were selected from operating
records obtained within fixed ranges of all other variables, except for the variable plotted on the
x-axis. The controlled ranges were as follows: M/S = 0.58–0.60, Fe content = 13.5–15.5 wt.%, fine ore
content = 23–26%, fuel coal input = 5–6 ton·h−1, calcine temperature = 780–830 ◦C, and kiln rotational
speed = 1.0–1.2 rpm.

Figure 9d–f analyze the influence of ore composition and particle size on ring accretion.
The data collection period was identical to that used for Figure 9a–c (long-term monitoring
exceeding six months), and only operational data within comparable ranges (Table 6)
were selected to minimize the influence of process variability. As shown in Figure 9d,
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ring discharge increased as the MgO/SiO2 ratio (M/S) of the ore decreased. This trend
is consistent with the FactSage simulations presented in Figure 6b, which demonstrated
that lower M/S values reduce the melting temperature, thereby promoting wall adhesion.
Figure 9e indicates that when the Fe content of the ore exceeded approximately 14%, the
quantity of ring discharge increased sharply. This observation is in good agreement with
the thermodynamic simulation results shown in Figure 6b,c. Figure 9f presents the effect
of fine particle content on ring formation. The fine particle fraction was quantified by
collecting particulates entrained in the exhaust gas and expressing their amount relative
to the total ore feed. This ratio serves as an indirect indicator of the fine particle content
in the feed material. When the fine particle discharge fraction approached approximately
30%, a rapid increase in ring formation was observed. As discussed previously, fine
particles generally exhibit lower melting temperatures and are more readily mechanically
retained on the refractory surface, thereby creating favorable conditions for adhesion in
high-temperature zones. The influence of reduced particle size on increased ring formation
has also been reported in studies on iron ore pellets [3,25,30]. As shown in Table 4, the
chemical compositions of the collected fine particles and clinker are highly similar, both
characterized by elevated Fe content and low M/S ratios. Overall, the industrial data
indicate that ring accretion is promoted by high burner fuel input, low kiln rotational speed,
low M/S ratio, high Fe content, and a high fine-particle fraction. These results provide
the operational and compositional basis for the integrated mitigation strategy discussed in
Section 4.3.

Table 6. Typical operational conditions of the industrial rotary kiln during the monitoring period.

Variables Rotating
Speed (rpm)

Calcine Temp
( °C )

Fuel Coal
Input (ton/hr)

Ore Input
(ton/hr)

Operation 0.9~1.1 750~850 5~6 100~120

4.3. Industrial Applicability and Mitigation Strategy

The industrial data demonstrates that ring formation is closely associated with both
raw-material characteristics and operating conditions. Among ore-related factors, high Fe
content, low M/S ratio, high Al2O3 content in fine particles, and a high fine-particle fraction
were strongly correlated with increased ring discharge. These trends are consistent with
the laboratory and thermodynamic results, which showed that Fe-rich, low-M/S materials
exhibit lower liquidus temperatures and greater susceptibility to partial melting. Therefore,
ore blending represents a practical and effective strategy for reducing ring formation in
commercial ferronickel rotary kilns.

To minimize ring formation caused by the formation of low-melting phases, blending
ores with easily fusible characteristics (high Fe and low M/S ratio) and ores with more
refractory characteristics (low Fe and high M/S ratio) can effectively suppress excessive
ring growth and improve operational stability. In the present study, ring accretion in-
creased sharply when Fe content exceeded approximately 14 wt.% and when the M/S ratio
decreased below approximately 0.55. Although these values should not be regarded as
universal thresholds, they provide useful operational indicators for the investigated New
Caledonian ore system.

Control of the fine-particle fraction is also critical. Fine particles not only exhibit lower
apparent melting temperatures because of their Fe-rich and low-M/S composition, but also
are more readily retained on rough refractory surfaces. In the laboratory experiments, fine
powders smaller than 200 mesh (≤75 µm) were used to evaluate melting and sintering
behavior, whereas in the industrial analysis, the fine ore fraction was represented by
particles smaller than approximately 0.1 mm or by particulates entrained in the exhaust
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gas. The industrial data showed that ring accretion increased rapidly when the fine-particle
fraction approached approximately 30%. Therefore, feed preparation, screening, dust
handling, and ore blending strategies should be designed to prevent excessive accumulation
of fine, Fe-rich, low-M/S particles in the kiln feed.

The actual calcine temperature is influenced by both the total heat input and the
heat-transfer efficiency; therefore, a higher calcine temperature does not necessarily result
in accelerated ring formation. Only the heat input supplied from the burner side acts as a
direct influencing factor. During analysis of the operational data, cases were identified in
which the calcine temperature and ring formation exhibited an inverse relationship. This
behavior occurred because operators excessively increased the fuel coal input to maintain
the target calcine temperature, resulting in localized overheating near the burner zone.
Consequently, a clear direct correlation between calcine temperature and ring formation
could not be established in the industrial rotary kiln.

From an operational perspective, maintaining the rotary kiln rotational speed above
approximately 1.3 rpm and reducing burner fuel input to suppress localized overheating
are critical measures. The results showed that increasing burner fuel input promoted ring
accretion, whereas calcine discharge temperature did not exhibit a strong direct correlation
with ring discharge. This finding indicates that the average bulk temperature of the calcine
is not a sufficient indicator of ring formation risk. Instead, the local wall temperature near
the burner, the wall–bed temperature gradient, and the residence time of the refractory
surface within the high-temperature zone are more critical factors governing ring formation.

4.4. Limitations and Future Work

Although this study provides a mechanistic and industrially relevant interpretation
of ring formation in ferronickel rotary kilns, several limitations should be acknowledged.
First, the numerical threshold values proposed in this work, such as Fe content above
approximately 14 wt.%, M/S ratio below approximately 0.55, fine-particle fraction near
30%, and recommended rotational speed above approximately 1.3 rpm, were derived
from New Caledonian lateritic nickel ores and a specific industrial rotary kiln. These
values should therefore be regarded as system-specific operational guidelines rather than
universal criteria. Different ferronickel plants may exhibit different threshold values
depending on ore mineralogy, coal ash chemistry, refractory condition, kiln geometry, and
operating practices.

Second, the industrial data were obtained under actual plant operating conditions,
in which multiple variables inevitably change simultaneously. Although operating data
within comparable ranges were selected to minimize the influence of uncontrolled variables,
complete isolation of individual factors is not possible in commercial kiln data. Therefore,
the observed relationships should be interpreted as operational correlations supported by
laboratory experiments and thermodynamic calculations, rather than as fully independent
single-variable effects.

Third, FactSage calculations were used to evaluate equilibrium liquidus trends in
simplified oxide systems. Actual rotary kiln operation involves non-equilibrium heating,
gas–solid reactions, local reducing conditions, particle segregation, coal ash interaction,
and refractory surface effects. Accordingly, the calculated liquidus temperatures should be
regarded as reference trends for interpreting compositional effects, rather than exact melting
temperatures under industrial kiln conditions. The consistency between the calculated
trends and the heating microscope observations supports the proposed compositional
interpretation; however, further validation is required for quantitative prediction under
industrial operating conditions.

https://doi.org/10.3390/met16050545

https://doi.org/10.3390/met16050545


Metals 2026, 16, 545 22 of 24

Future work should include more detailed quantification of ring growth kinetics,
in situ or indirect monitoring of local wall temperature, and validation using different
lateritic ores, coal ash compositions, refractory materials, and kiln geometries. Additional
microstructural analysis of ring layers formed under different operating conditions would
also help clarify the relationship among local temperature, liquid-phase formation, pore
structure, and mechanical strength of accretions. Such studies would improve the broader
applicability of the proposed mitigation strategy and support more reliable control of ring
formation in commercial ferronickel rotary kilns.

5. Conclusions
This study investigated the mechanism of ring formation in a commercial ferronickel

rotary kiln through a combination of mineralogical analysis, high-temperature melting and
sintering experiments, thermodynamic calculations, and long-term industrial operational
data. The results showed that ring accretion is primarily promoted by the selective adhe-
sion and partial melting of Fe-rich, low-M/S fine particles under localized overheating
conditions near the burner zone. Ores with Fe contents above approximately 14 wt.% and
M/S ratios below approximately 0.55 exhibited a higher tendency to form low-liquidus-
temperature silicate phases, which can serve as initial bonding media for ring growth.

The industrial data further demonstrated that excessive burner fuel input and low
kiln rotational speed accelerate ring accretion, whereas calcine discharge temperature alone
is not a reliable indicator of ring formation. Therefore, ring formation can be mitigated
through appropriate ore blending, reduction in fine-particle input, suppression of localized
overheating, and maintenance of sufficient kiln rotational speed. The numerical thresholds
proposed in this study are specific to the investigated New Caledonian lateritic nickel
ores and rotary kiln conditions; consequently, further validation using different ores, fuels,
refractory materials, and kiln systems is required.
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