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Abstract: The aim of this research is to investigate the phase composition and structural
peculiarities of complex metamorphic manganese ores from Central Kazakhstan before
and after sintering in the temperature range of 600-1200 °C in an air atmosphere. X-ray
diffraction, X-ray fluorescence, scanning electron microscopy, and optical microscopy
were used to analyze changes in elemental and phase composition. In their initial state,
according to XRF analysis, the Bogach ore was manganese-rich, with a manganese content
of 60.77 wt.%, while the Zhaksy ore contained manganese (44.88 wt.%), silicon (20.85 wt.%),
and iron (6.14 wt.%) as its main components. In the Bogach ore samples, manganese
content increased from 60.77% to 65.7% as the sintering temperature rose to 1100 °C, while
the hausmannite phase (Mn3O,) emerged as the dominant phase, comprising 95.77% of
the crystalline component at 1200 °C. Conversely, the Zhaksy ore samples displayed a
sharp increase in braunite-phase (MnyO1,5i) content, reaching 83.81% at 1100 °C, alongside
significant quartz amorphization. The degree of crystallinity in Bogach ore peaked at
56.2% at 900 °C but declined at higher temperatures due to amorphous phase formation. A
surface morphology analysis revealed the transformation of dense, non-uniform particles
into porous, granular structures with pronounced recrystallization as the temperature
increased. In the Bogach samples, sintering at 900 °C resulted in elongated, needle-like
crystalline formations, while at 1200 °C, tetragonal crystals of hausmannite dominated,
indicating significant grain growth and recrystallization. For Zhaksy samples, sintering at
1100 °C led to a porous morphology with interconnected grains and microvoids, reflecting
enhanced braunite crystallization and quartz amorphization. These findings provide
quantitative insights into optimizing manganese oxide phases for industrial applications,
such as catalysts and pigments, and emphasize the impact of thermal treatment on phase
stability and structural properties. This research contributes to the development of efficient
processing technologies for medium-grade manganese ores, aligning with Kazakhstan’s
strategic goals in sustainable resource utilization.
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1. Introduction

Manganese ores are widely used in ferrous metallurgy [1-4]. Manganese, the 12th most
abundant element on Earth, constitutes approximately 0.1% of the Earth’s crust. Despite
this abundance, manganese minerals are often widely dispersed, making it challenging
to locate high-grade deposits [5]. The scarcity of high-grade manganese ores results from
their consistently high demand [6]. Consequently, attention has shifted toward developing
cost-effective technologies for processing medium- and low-grade manganese ores [7,8].

The Central Kazakhstan region hosts numerous medium-grade manganese deposits,
with average manganese (Mn) content ranging from 15% to 40%. These deposits are primar-
ily composed of carbonate and oxide ores, which remain underutilized despite their eco-
nomic potential. Two notable deposits in this region are the Bogach and Zhaksy deposits.

The Bogach manganese ore deposit is located in Central Kazakhstan’s Nura dis-
trict of the Karaganda region. Oxidized ores have earthy and powdery-lumpy textures.
Minerals of primary manganese ores are basic braunite (Mn?*(Mn®*)¢SiO;,), hematite
(x-FepO3), ankerite (less often, Ca(Fe,Mg,Mn)(CO3)y), friedelite (Mn%*gSigO15(0OH,Cl)10), jacob-
site (Mn?* Fe?* Mg)(Fe** Mn>*),0;), and nonmetallic minerals such as calcite (CaCO3), quartz
(5i0y), chlorite, and gypsum (CaSO4-2H,O). Minerals of oxidized manganese ores are pyrolusite
(Mn**O,), psilomelane ((Ba,H,0),Mn50yy), vernadite ((Mn** Fe3* Ca,Na)(O,0H), nH,0),
hematite, and, less often, hollandite (Mn**,Mn®* Ti,Fe3*)sO¢), goethite (x-(Mn,Fe)OOH),
braunite (Mn?*(Mn®*)¢SiO15), and jacobsite (Mn?*,Fe** Mg)(Fe** Mn**),0,. Non-metallic
phases include quartz, kaolinite, mica, calcite, and feldspar [9].

The deposit of manganese Zhaksy ore is located in the Zhaksy district of the Akmola
region. In the Zhaksy deposit, two genetic types of ores have been recognized: primary,
consisting of hollandite and braunite; and secondary (oxidized), consisting of pyrolusite
and cryptomelane [10]. The manganese content in primary ores ranges from 7.8% to 53.65%,
with an average of 24.7%; the iron content is 6.21%, and the phosphorus content is 0.05%.
In ores from the oxidation zone, the manganese content is approximately 30%, the iron
content is 4%, and the phosphorus content is 0.06% [11]. According to another origin [10],
the amounts of manganese vary from 10% to 16% in the lean ores and up to 50-56% in the
massive ores.

Manganese carbonate and oxide ores serve as the primary sources for manganese
extraction [12]. Manganese plays a vital role in steel production, contributing to deoxi-
dation and desulfurization processes, as well as functioning as an alloying additive for
manufacturing specialized steel grades [13-15].

Most manganese oxide mineral phases are extensively used in industry. Ground natural
and synthetic pyrolusite (MnO,-xH,O, 63.2% Mn) is utilized in the production of galvanic
cells [16], batteries [17,18], and catalysts [19-21]. Braunite (3 MnyO3-MnSiOs, 69.5% Mn) is
employed in the metallurgical and chemical industries for manganese production [22].

Hausmannite is particularly noteworthy due to its versatile applications, making it
a sought-after product in the market [23]. It is used to produce trimanganese tetraoxide,
which is applied in manufacturing light brown, yellow—brown, brown, and dark brown
bricks, ceramic products, paving slabs, and similar materials. Synthetic hausmannite, as a
pigment, is effective for mass or surface staining [23,24], offering higher efficiency compared
to pyrolusite. It also reduces harmfulness and labor intensity during production [23]. In
addition, the use of hausmannite enhances the quality of painted bricks by reducing water
absorption compared to red bricks. It improves the surface structure, making it smoother
and more uniform, while also eliminating defects like burnt bubbles.

In recent years, catalytic oxidation has emerged as a promising method for converting
toxic volatile organic compounds (VOCs) into less harmful substances, such as CO; and
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H,O. Manganese oxides, known for their strong redox properties and significantly lower
cost compared to platinum-group metal catalysts, have gained considerable attention [25].

For instance, researchers studied the catalytic activity, hydrothermal stability, and
durability of various Mn-based porous oxides (SmMnyO5, SmMnO3, Mn304, and Mn,03)
in the complete oxidation of ethanol and toluene [26]. Their findings revealed that catalytic
performance is highly dependent on the morphology of the materials. Among these,
Mn3QOy, synthesized via a reduction method, demonstrated the highest activity in the
oxidation of carbon monoxide and toluene [27].

In manganese ores, manganese occurs as various complex oxides, hydroxides, carbon-
ates, silicates, and, less commonly, sulfides [28]. The most common manganese minerals
include the following:

e  Okxides and hydroxides: pyrolusite (MnO,-xH,0O), braunite (3MnyO3-MnSiOs), haus-
mannite (Mn3Oy), manganite (MnO(OH)), vernadite (MnO,(Mn,Fe,Ca)(O,0H), -nH,0O),
psilomelane (mMnO-MnO, -nH;O), hollandite (MnBaMngO14), and bixbyite ((Mn,Fe),03).

e  Carbonates: rhodochrosite (MnCO3), manganocalcite ((Ca,Mn)CO3), kutnahorite,
and others.

e Silicates: rhodonite (Mn?*,Fe?* Mg,Ca)SiO3), manganese-containing garnets, olivines
((Mn,Fe),[SiO4]), and pyroxenes (MnMgSi; Og), among others [29].

The oxide content in manganese ores varies due to different geological processes
across regions. Phase transitions of oxide components are distinct for each ore type and
significantly influenced by high-temperature sintering, which alters the mineralogical
composition [30]. This process allows the formation of new oxide components under
specific sintering conditions, which depend on the regional characteristics of the deposits.

The scientific challenge addressed in this research is developing methods to obtain
target mineral phases, such as braunite (Mn7SiO1;) and hausmannite (Mn3Oy), from phases
where Mn exists in a more oxidized state. Numerous studies [31-34] describe the synthesis
of manganese oxide phases, including hausmannite, through methods like co-precipitation,
sol-gel synthesis, and hydrothermal synthesis. For example, researchers demonstrated the
synthesis of hausmannite in various nanostructures, including plate-like nano-grains, coin-
like nano-spheres, and nanopetals, using three distinct protocols: co-precipitation, sol-gel
synthesis, and co-precipitation-assisted hydrothermal synthesis [35]. These preparation
methods significantly influence the structural, morphological, optical, electrochemical, and
magnetic properties of the resulting nanostructured materials.

Studies have also explored high-temperature reduction techniques for manganese
ores and their gas reduction behavior. In [36], the high-energy milling method was used
to synthesize hausmannite nanoparticles from manganese ores of the West Sumatera
deposit (Indonesia). The synthesis involved sintering at over 700 °C and an 8-hour milling
duration, producing nanoparticles with a size of 90.50 nm. X-ray fluorescence (XRF)
analysis revealed a manganese content of 84.139%, and the hausmannite phase exhibited a
tetragonal crystal structure. Furthermore, researchers have shown that high-temperature
treatments significantly increase the Mn/Fe ratio in ore samples. At 700 °C over 90 min,
the manganese concentration reached 51.89%, with 14.79% iron, resulting in a Mn/Fe ratio
of 3.5—approaching ferromanganese-grade specifications [37].

The literature provides examples of thermal transitions between manganese oxide
phases, such as MnO, Mn304, Mn5;0g, and Mn, O3, as a function of temperature [34]. These
phase transitions involve structural changes and shifts in the Mn/O ratio across various ox-
idation states, significantly influencing the material’s properties and preparation methods.

Regarding manganese ore reduction, an intriguing study examined the sintering
of medium-grade pyrolusite manganese ore from the Karangnunggal mine (West Java,
Indonesia) at 1200 °C in methane gas [38]. The findings revealed that pyrolusite (MnO,)
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underwent a reduction process, forming hausmannite (Mn3O4), manganosite (MnO), and
manganese carbide (Mn;C3).

The transformation of MnO, to a MnO-rich phase at 950 °C is discussed in [39], which
also highlights that increasing the process temperature decreases the oxygen-to-manganese
ratio. During these reactions, the oxygen within the oxide structure acts as a reducing agent,
oxidizing from O~2 to O° form when detaching from manganese. The reduction process of
MnO; to MnO follows this sequence:

MnO, —+Mn, O3 —+Mnz04—MnO (@)

Sorensen et al. studied manganese ores from Wessels (South Africa), Groote Eylandt
(Australia), Companhia Vale do Rio Doce (CVRD, Brazil), and Gabon, which exhibit diverse
chemical compositions and complex mineralogical structures [40]. Their findings revealed
that MnO; is reduced to Mn,; O3 and Mn3O, during sintering in air. Additionally, when
sintered in hydrogen, higher manganese oxides were reduced to MnO, while iron oxides
were reduced to metallic iron.

Another study investigated raw manganese ore (CaMnSiO1;) and its sintered forms
(Mn304 and MnO) [41]. Under vacuum conditions, both raw and sintered manganese
ore were reduced to MnO at temperatures above 1200 °C. However, in air, manganese
ore reduced to Mn3O, instead of MnO at temperatures above 800 °C. The study also
determined a higher melting temperature for sintered manganese ore, attributed to its
increased MnO content from high-temperature treatment.

Additionally, researchers examined manganese ore from the Clarion—Clipperton Frac-
ture Zone (Cook Islands, Peru Basin) and observed phase transitions after calcination.
The main Mn-containing phases, such as asbolane (NiMn,;O3(OH)4-H,0O), lithiophorite
(AlgesHyLip 33Mn0O4), manganese oxide (MnO;), vernadite (Mn(OH),), chalcophanite
(HgMn3019Zn), and birnessite (MnO;), transformed into magnetite ((Mn,Fe)304), bixbyite
(Mny03), and manganese oxide ((Mn,O3). Calcination reduced the number of phases,
resulting in the formation of more thermally stable phases.

Below 1580 °C, all manganese oxides remain in the solid phase, allowing solid-state
transformations in reducing atmospheres [42]. The presence of elements like Si can sig-
nificantly lower the melting point of manganese minerals [43]. The Mn-Mn,Oy phase
stability diagram in Figure 1 [42] illustrates that phase stability depends on temperature
and oxygen partial pressure. Increasing temperature at constant oxygen partial pressure
destabilizes higher manganese oxides (MnO,, Mn;0O3, and Mn3Oy), reducing them to lower
oxidation states. Figure 1 also shows that Mn3Oy transitions occur around 1200 °C, and
heating MnO at oxygen pressures above 1010 atm leads to melting without a reduction
to metallic Mn. This indicates that the thermal decomposition of MnO to metallic Mn
is thermodynamically impossible under these conditions. Experimental studies confirm
manganese oxides” decomposition to MnzO4 between 900 and 1100 °C [44—46].

The sintering of manganese ores under various conditions facilitates the formation
of a wide range of manganese oxide phases. A review of the scientific literature, however,
identifies a notable research gap concerning the production of these oxide phases through
thermomechanical processing methods. This gap is particularly evident for the manganese
ores of Central Kazakhstan, but it also exists at a global level, as few studies detail the
specific thermomechanical processes involved in obtaining high-value oxide products from
such ores. This underscores the critical importance and timeliness of further research in
manganese ore processing to develop technologies for producing valuable oxide phases
with industrial applications.
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Figure 1. Phase stability diagram of manganese and its oxides. Reprinted with permission from
Ref. [42]. Copyright 2025 Taylor & Francis.

In particular, the chemical and mineralogical transformations occurring during the
thermal treatment of Central Kazakhstan’s manganese ores remain underexplored. The
limited understanding of phase evolution and structural changes in these ores significantly
impedes their strategic usage for industrial and economic purposes.

Thus, sintering is a high-temperature treatment process that enables the transformation
of raw materials into more stable or functional phases by inducing thermal and structural
changes. Sintering promotes the decomposition of less stable phases and the emergence of
thermally stable manganese oxides. The process induces recrystallization, grain growth,
and a reduction in porosity, improving the material’s physical and chemical properties. By
optimizing sintering conditions, it is possible to establish cost-effective processes to produce
high-value materials, addressing challenges tied to the limited availability of high-grade
manganese ores.

Advancements in high-temperature sintering technologies have demonstrated con-
siderable potential in converting low- and medium-grade manganese ores into high-value
oxide phases such as hausmannite (Mn3O,) and braunite (Mn;O;,5i). These phases are
notable for their applications in catalysis, pigments, and construction materials. Despite
this promise, the exact mechanisms and outcomes of sintering processes—particularly for
the complex mineralogy of Central Kazakhstan’s ores—are still inadequately explored.
This gap in knowledge limits the development of cost-effective and efficient processing
technologies tailored to the unique characteristics of these regional ores.

The present study seeks to address this gap by investigating the phase transforma-
tions, elemental redistribution, and structural evolution within complex metamorphic ores
from the Bogach and Zhaksy deposits of Central Kazakhstan subjected to sintering in the
temperature range of 600-1200 °C in an air atmosphere. Utilizing advanced analytical
techniques such as energy-dispersive X-ray spectroscopy (EDS), X-ray diffraction (XRD),
and X-ray fluorescence spectroscopy (XRF), the study examines the correlation between
sintering conditions and the elemental and phase compositions of the ores. Additionally,
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scanning electron microscopy (SEM) and optical digital microscopy are applied to detail
the morphological changes and crystallization patterns in the ore samples.

As part of a broader research initiative, this study contributes to unlocking the potential
of Central Kazakhstan’s manganese ores by producing technologically valuable oxide
phases that can serve as colorants, catalysts, and other industrial materials. The project
aims to provide a scientific and technical foundation for developing industries within
Kazakhstan that utilize local raw materials. The social and economic implications are
significant, offering the potential for competitive industrial growth, regional economic
development, and innovation driven by sustainable resource utilization.

2. Materials and Methods
2.1. Sample Preparation

Two manganese ore samples were collected from the Bogach and the Zhaksy deposits
(Central Kazakhstan). Table 1 shows reserves and conventional content of Mn in ores of
Bogach and Zhaksy deposits according to [11].

Table 1. Reserves of manganese ores of Bogach and Zhaksy deposits.

. Geographic Reserves, o
Deposit Coordinates Thousand Tons Mn Content, %
o / 1
Bogach (sample 1) 4298%1;/%?&4;”1]\; 5000 39.0
o / /!
Zhaksy (sample 2) S175626.7 N 2300 144

67°21'52.1" E

The samples were initially in the form of broken rock fragments (lump form). They
were crushed using a jaw crusher (Qingdao Decent Group, Qingdao, China) to produce
granules ranging from 1 to 5 mm, followed by ball milling for eight hours. Figure 2
presents images of the milled samples, where the ore sample from the Bogach de-
posit displays a darker shade, nearly black. This darker coloration suggests a higher
manganese concentration.

(a) (b)

Figure 2. Manganese ore samples: (a) the Bogach deposit; (b) the Zhaksy deposit.

The ground samples were sifted through a sieve with a mesh size of 0.075 mm and
subsequently sintered in a muffle furnace (Nanyang Xinyu New Material Technology
Co. Ltd, NanYang, China) at temperatures up to 1200 °C. The heating rate was set to 7 °C
per minute, and the sintering duration was 4 h. The samples were placed in corundum
crucibles for the sintering process.

2.2. X-Ray Powder Diffraction

The samples for X-ray diffraction were manually ground using a mortar and pestle.
The samples were mounted in a 25 mm-diameter round holder. The X-ray powder diffrac-
tion analysis was performed at room temperature using a D6 Phaser X-ray diffractometer
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(Bruker AXS GmbH, Karlsruhe, Germany) with the following configuration: an X-ray
source was CuKo 1,2 (A = 1.5406 A), with an X-ray generator operated at a voltage of
3040 kV and a current of 10-15 mA; the goniometer radius was 166.5 mm; and the incident
beam optics included a 0.6 mm divergence slit, a 1 mm air-scattering screen, a 0.5 mm Ni
air scatter slit, a 2.5° Soller slit, and a 3.0° PSD opening.

The spinning sample stage was used with 10 revolution per minute during the scan-
ning process. The detector was a SSD160-2 Bruker AXS (Bruker AXS GmbH, Karlsruhe,
Germany) used in 1D continuous PSD (position-sensitive detector) scan mode. The scan
was performed using Bragg—Brentano geometry, between 15 and 85° 20. A timestep of
0.8 s, a goniometer step size of 0.02° 26, and a number of steps of 3400 were used, resulting
in a total measurement time of 47.28 min.

The qualitative analysis was performed using Diffrac.Eva software (version 7.0.0.6);
structural data were analyzed after phase identification and were obtained from the Crysr-
tallography Open Database (COD [47], revision 240108).

The quantitative analysis of crystalline phases and share of amorphous component
was performed by means of Rietveld refinement along with internal standard method using
Profex software (version 5.4.0) [48]. The average weighted R profile (Rwp) was 2.873 with
a standard deviation of 0.77 for Bogach ore samples, and 3.76 with a standard deviation
of 0.25 for Zhaksy ore samples. A fully crystalline corundum phase (x-Al,O3) was used
as a standard. The proportion of the internal standard was 15% of the total mass. The
percentages of the amorphous phase and every crystalline phase were calculated using the
following equations:

100 — W
K=R,—— 2
WL ()
R,
Wamorph = 100 — Y W (4)

where K is the coefficient of internal standard, Rs and R; are amounts of internal standard
and crystalline phase as determined via the Rietveld method, W is the weight percentage
of the internal standard (15 wt%), Wj is the weight percentage of the certain crystalline
phase, and Wnorph is the weight percentage of the amorphous phase.

2.3. X-Ray Fluorescent Spectroscopy

The elemental analysis was performed via X-ray fluorescent spectroscopy (XRF) before
and after sintering in each temperature range on an X-ray fluorescence spectrometer S2
Puma (Bruker AXS GmbH, Karlsruhe, Germany). The operating conditions of the device
were as follows: tube—Ag; voltage—20-50 kV; current—100-1000 pA; sample rotation—on;
automatic filtration; time—~400 s; and atmosphere—vacuum, detector—HighSense XP Sil-
icon Drift Detector (SDD), and limits of detection of elements from Na to Am—1 x 1073%,
excluding Pt and Ag.

For the XRF analysis, we employed the “sandwich” technique to prepare and analyze
the ore samples. First, the sample was dried after being crushed and sieved through a
0.071 mm mesh. Once dried, approximately 5 grams of the sample was weighed using
an analytical balance. A boric acid substrate weighing 9 grams was prepared to act as a
support layer, ensuring that the pressed pellet achieved a thickness of 6-7 mm, which is
optimal for analysis. The boric acid was placed in the die to form the bottom layer of the
“sandwich” and manually pressed at 5 tons to create a stable foundation. The ore sample
was then evenly distributed on top of the boric acid layer and pressed further at 25 tons for
3-5 min to form a cohesive pellet. To prevent cracking during vacuum measurement, the
pressure was released gradually in intervals of 20-30 s, reducing by 5 tons at each step. The
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resulting pressed pellet, with boric acid as the support and the ore sample as the top layer,
was placed in a measurement ring for XRF analysis. This method ensures that the sample
is properly supported and prepared for accurate XRF measurements by creating a stable
and uniform pellet that can withstand vacuum conditions during analysis.

2.4. Scanning Electron Microscopy

Surface characterization techniques were employed to analyze the morphology and
composition of the manganese ores samples before and after sintering using a scanning
electron microscope Axia ChemiSEM (SEM) (Thermo Fisher Scientific, Waltham, MA, USA)
with Everhart-Thornley detector (ETD, secondary electrons) and concentric backscatter de-
tector (CBS, backscattered electrons) at an accelerating voltage of 20 kV. Elemental analysis
and mapping were performed using an equipped energy-dispersive X-ray spectroscopy
detector (EDS). Particle size distribution on micrographs was studied using the software
Image-Pro V11.0.4 (Media Cybernetics, Washington, DC, USA).

2.5. Optical Microscopy

A Leica DVM 5000 HD (Leica Microsystems, Heerbrugg, Switzerland) digital micro-
scope was used to obtain micrographs of the studied materials in their initial state and
after the sintering process. Micrographs were captured at magnifications of x100 and
%200 using artificial reflected light illumination. Pixel intensity distributions on optical
micrographs were analyzed using software Image] V1.54 (National Institutes of Health,
Bethesda, MD, USA) [49].

3. Results and Discussion
3.1. Elemental Content of Products

The elemental compositions of the initial ore samples and samples sintered at different
temperatures were obtained using XRF. Table 2 presents defined elemental compositions of
the samples.

Table 2. Results of studying the effect of sintering temperature on the elemental composition of
studied samples using XRF analysis (sintering duration: 4 h).

T, °C Elemental Content, wt.%
Bogach
Mn Ca Si Ba K Sr Fe Mg Al Pb Zn Na Ti
25 60.77  5.44 3.49 2.05 2.04 1.42 0.89 1.00 0.82 0.21 0.09 0.04 0.05
300 60.74  5.86 3.42 2.04 2.04 1.43 0.88 1.00 0.81 0.21 0.09 0.03 0.05
400 62.8 6.1 3.58 2.11 2.12 1.47 0.91 1.03 0.82 0.22 0.09 0.02 0.05
500 62.7 6.04 3.57 2.11 2.11 1.46 0.9 1.06 0.8 0.22 0.09 0.05 0.05
600 63.48  6.08 3.78 2.14 2.13 1.48 0.94 1.06 0.88 0.23 0.1 0.04 0.05
800 6432  6.32 4.26 2.18 2.12 1.49 1.01 1.15 1.15 0.23 0.1 0.03 0.05
900 65.57  6.18 3.73 2.14 2.02 1.54 0.96 1.04 0.91 0.24 0.1 0.12 0.05
1000 65.37  5.65 3.74 2.12 1.39 1.59 1.00 0.86 0.96 0.2 0.1 0.09 0.04
1100 65.7 4.63 2.6 1.86 1.55 1.56 0.95 0.82 0.68 0.22 0.1 0.19 0.03
1200 65.24 445 2.75 1.82 1.59 1.51 0.95 0.76 0.58 0.18 0.11 0.02 0.03
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Table 2. Cont.
T, °C Elemental Content, wt.%
Zhaksy
Mn Ca Si Ba K Sr Fe Mg Al Pb Zn Na Ti

25 4488 076 20.85 0.38 1.38 0.21 6.14 0.30 2.66 0.02 0.03 0.04 0.10
300 4299 073 1995 037 1.32 0.20 5.89 0.31 2.58 0.02 0.03 0.06 0.10
400 4455 075 2112 0.38 1.37 0.20 6.12 0.32 2.73 0.02 0.03 0.06 0.10
500 4435 075 2061 0.38 1.36 0.20 6.09 0.31 2.65 0.02 0.03 0.08 0.10
600 4410 074 1971 037 1.33 0.21 6.10 0.30 2.60 0.02 0.03 0.09 0.10
800 4514 076 2128 041 1.42 0.20 6.21 0.37 2.79 0.02 0.03 0.28 0.10
900 4568 0.75 19.83 041 1.32 0.21 6.23 0.38 2.64 0.02 0.03 0.35 0.10

1000 4552 0.74 1715 044 1.21 0.22 6.00 0.34 2.36 0.03 0.03 0.18 0.10

1100 43.74 0.68 1290 045 1.11 0.22 5.69 0.29 1.89 0.03 0.03 0.13 0.09

For the Bogach ore sample in the initial state (25 °C), manganese is the dominant ele-
ment at 60.77 wt.%, followed by calcium (5.44 wt.%) and silicon (3.49 wt.%). Other elements
present in smaller quantities include barium, potassium, strontium, iron, magnesium, alu-
minum, lead, zinc, sodium, and titanium. As the sintering temperature increases, several
trends become apparent. The manganese content gradually increases from 60.77 wt.% at
room temperature to a maximum of 65.7 wt.% at 1100 °C, showing slight fluctuations at
higher temperatures. The increase in manganese content corresponds to its transition from
more oxidized to more reduced states. For example, the theoretical manganese content in
pyrolusite (MnOy) is 63.2 wt.%, which increases to 72 wt.% in more reduced phases, such
as hausmannite (Mn3zOj,), and reaches 77.4 wt.% in manganosite (MnO).

Calcium content initially increases slightly up to 800 °C (reaching 6.32 wt.%) but then
decreases significantly at higher temperatures, dropping to 4.45 wt.% at 1200 °C. Silicon
content shows some variation, peaking at 800 °C (4.26 wt.%) before decreasing to 2.75 wt.%
at 1200 °C. Minor elements also show temperature-dependent changes. Elements like
barium, potassium, and aluminum generally maintain stable concentrations up to 800 °C
but show decreased content at higher temperatures. Strontium shows a slight increase
with a temperature up to 1100 °C. The concentrations of iron, magnesium, lead, zinc,
sodium, and titanium remain relatively stable throughout the temperature range, with only
minor fluctuations.

During sintering at elevated temperatures (from 25 °C to 1100 °C), the Mn content
increases. This occurs primarily due to the decomposition of other compounds and the
relative concentration of elements. As the temperature rises, volatile components and some
less stable compounds may decompose or evaporate, leading to a relative increase in the
concentration of more stable elements like manganese. Additionally, the high-temperature
treatment can cause the transformation of manganese-containing phases into more stable
forms, potentially concentrating the manganese content in the remaining material.

The XRF analysis data for Zhaksy ore shows different compositional characteristics
and temperature-dependent behavior compared to Bogach ore. In the initial state (25 °C),
the manganese content is notably lower at 44.88 wt.%, while the silicon content is signifi-
cantly higher at 20.85 wt.%. Iron is present in higher quantities (6.14 wt.%), and aluminum
shows a higher content (2.66 wt.%) compared to Bogach ore. Calcium content is much lower
at 0.76 wt.%. As the sintering temperature increases, the changes in elemental composition
show different trends. The manganese content shows slight fluctuations, reaching a maxi-
mum of 45.68 wt.% at 900 °C and then decreasing to 43.74 wt.% at 1100 °C. Additionally,
for the ore from the Zhaksy deposit, no clear trends in manganese content variation are
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observed. This indicates that notable changes in the qualitative phase composition do
not occur.

Silicon content remains relatively stable up to 800 °C (around 20-21 wt.%) but shows
a significant decrease at higher temperatures, dropping to 12.90 wt.% at 1100 °C. Iron
content remains relatively stable throughout the temperature range (5.69-6.23 wt.%). The
aluminum content follows a similar pattern to silicon, maintaining stability up to 800 °C
(around 2.6-2.8 wt.%) before decreasing to 1.89 wt.% at 1100 °C. Other elements like
barium, potassium, strontium, magnesium, lead, zinc, sodium, and titanium show minor
variations but generally maintain low concentrations throughout the temperature range.
This composition and behavior suggest different mineralogical phases and transformations
compared to the Bogach ore, with a notably higher silicon and iron content indicating a
different type of manganese mineralization.

3.2. Phase Content of Products

Figure 3 presents the X-ray diffraction patterns of the samples in their initial state
(25 °C) and after sintering at various temperatures ranging from 800 °C to 1200 °C. The
characteristic diffraction reflections are marked, enabling the identification of the phases
present using the COD (Crystallography Open Database).

B: Braunite (Mn,0,,Si) Br: Braunite (Fe, ;3Mn,; 5,0,,Si) Se: Serandite (Ca gMn, g,NaO¢Si;)
Hu: Hausmannite (Mn;0,) Go: Goosecreekite (Al,CaH;044Sig)

: Calcite (CaCO;)

Cp: Cryptomelane (Al ggFeg 16Ko 6sMn 76Nag 11051 5)
: Grossular (Al 453Ca; 955F €0 1MJg 003MNg 045012515 955 Tl 02)

Q: Quartz (SiO,)

H: Hollandite (Bag 75F€q 1Ko 16MN3,9,08)
C: Calcium Manganese Oxide (CaMn,O;)

Q: Quartz (SiO,) B: Braunite (Mn,0,,Si)

Intensity (a.u.)

Hu B
Hu
B
Q B Q B 1100 °C
Hu Hu Hu | JBL.....W J\ .
Hu
HULEJ Hu Hu HuHu . Hu 1200 °C -
Hu B
Hu Q J J B q Q B 1000 °C
Hu ; A o} BL—/\A—I\ Ao M
i HL:—1 Hu Hu  Hu  Hup, L
i . oL HuHu 1100 °C 2z
thy 2 900 °C
Hu E
Hu Hu c HHu
u
1000 °C 600 °C
900 °C
25°C
25°C
T T T T T 20 30 40 50 60 70
20 30 40 50 60 70 26 (°)
28 (°)
(a) (b)

Figure 3. X-ray diffractograms of the Bogach (a) and Zhaksy (b) manganese ore samples after
sintering during 4 h.

In the initial state, the ore sample from the Bogach deposit (Figure 3a) contains cryp-
tomelane, braunite, calcite, and quartz as the dominant phases. The most intense diffrac-
tion peaks of cryptomelane are observed at 26 angles of 18.269°, 28.855°, 37.554°, 41.556°,
50.151°, and 60.726°. Braunite is identified with distinct peaks at 32.856°, 54.998°, and
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65.602°. Additionally, associated minerals such as calcite (peaks at 29.399° and 39.406°)
and quartz (peak at 26.566°) are present.

Moreover, the hollandite phase appears to be present in the sample, characterized by
numerous low-intensity peaks, with the strongest peak observed at 20 = 25.236°.

After the Bogach sample was sintered at 900 °C, the number of detected crystalline
phases increased. In addition to the initial phases, new phases were identified, probably
including goosecreekite (strongest peak at 260 = 19.802°), serandite (strongest peak at
20 = 33.633°), and grossular (strongest peak at 26 = 33.819°).

Furthermore, at this temperature, a small reflection corresponding to the strongest peak
of the hausmannite phase was detected at 26 = 36.135°. Notably, the peak corresponding to
quartz disappeared, while the peaks of braunite became more intense. An additional peak
of braunite was also observed at 26 = 38.138°.

After the Bogach sample was sintered at 1000 °C, the variety of crystalline phases
decreased, and a significant phase transition occurred, resulting in the formation of the
hausmannite phase. In the diffraction pattern, hausmannite was identified with several
distinct peaks at 20 angles of 18.041°, 28.961°, 31.041°, 32.442°, 36.135°, 38.168°, 44.472°,
50.940°, 53.947°, 56.115°, 58.586°, 60.014°, and 64.711°. These peaks correspond precisely
to the reference data for hausmannite in the COD database (COD1514121).

Notably, the braunite phase almost disappeared from the diffraction pattern, with
only its strongest peak at 26 = 32.856° remaining visible as a minor reflection. Additionally,
a new structure, possibly calcium manganese oxide (CaMn;O;, and COD2104444), was
observed, with its strongest peaks appearing at 20 angles of 34.196°, 49.498°, and 61.481°.

When the sintering temperature was increased to 1100 °C and 1200 °C, the diffraction
patterns of the Bogach sample showed peaks corresponding exclusively to the hausmannite
and braunite phases. Notably, the intensity of the hausmannite peaks increased with a
rising temperature.

For the braunite phase, a structural change was observed: at 25-1000 °C, the structure
corresponded to Fep 33Mny1 6202451 (COD9000774), while at 1100-1200 °C, it shifted to
Mn;01,5i (COD9000532). Additionally, the peak intensity of braunite decreased signifi-
cantly when sintering was performed at 1200 °C.

In the initial state, the ore sample from the Zhaksy deposit (Figure 3b) contained only
quartz and braunite phases. The most intense diffraction peaks of quartz were observed at
20 angles of 20.840°, 26.621°, 36.511°, 42.412°, 50.106°, and 59.903°. The peaks of braunite
were less intense, with the strongest peak at 26 = 32.983°, accompanied by less distinct
peaks at 20 angles of 38.158°, 55.317°, and 65.703°. Additionally, the hematite phase was
identified in the diffraction pattern, represented by a series of small peaks that become
visible upon closer magnification of the diffractogram.

Notably, after sintering, no additional phases were detected. However, the intensity
of the quartz peaks decreased with an increasing temperature. In contrast, the braunite
peaks became more pronounced after sintering. The intensity of the strongest braunite
peak became approximately equal to that of the strongest quartz peak after sintering at
900 °C. At 1100 °C, braunite became the dominant crystalline phase.

The Rietveld refinement method, incorporating an internal standard, was employed
for quantitative phase analysis (QPA). Corundum (Al,O3, COD1000032) was used as the
internal standard. Figures 4 and 5 present the results of the refinement process. The
refinement was performed in automatic mode using the Profex software.
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Figure 4. Rietveld refinement for Zhaksy ore sample sintered under 1000 °C with corundum (Al,O3,
COD1000032) as internal standard (Rwp 3.33).
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Figure 5. Rietveld refinement for Bogach ore sample sintered under 1100 °C with corundum (Al,O3,
COD1000032) as internal standard (Rwp 2.73).

Following the Rietveld refinement, a good visual agreement between the experimental
and calculated diffraction patterns was achieved for all samples. The average Ry, values
were 2.873 for samples of Bogach ore and 3.765 for samples of Zhaksy ore. Since these Ry,
values are well below the commonly accepted threshold of 10, the results of the Rietveld
refinement were deemed satisfactory.
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Figures 6 and 7 illustrate the results of quantitative phase analysis (QPA) for the
studied ores. The use of the internal standard method enabled the calculation of the
amorphous phase content. In the non-sintered samples, the amorphous phase accounted
for 57.6 wt.% in the Bogach ore and 71.0 wt.% in the Zhaksy ore.
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Figure 6. Rietveld refinement-based quantity phase analysis results for Bogach ore samples sintered.
Hausmannite—Mn30,4, COD1514121; braunite—Fej 33Mnjq 600451, COD9000774 for 25-1000 °C,
and Mn;O4,5i, COD9000532 for 1100-1200 °C; quartz—SiO,, COD 9005019, cryptomelane—
Alo_ogF60416K0_65M1‘13.76Na0_11Ogsr().()g, COD9007647, hOllandite—Ba0.75Feo_OSKO.lgMI‘l&gQOg,
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COD9005768; calcium manganese oxide (CaMn;O1,, COD2104444).
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Figure 7. Rietveld refinement-based quantity phase analysis results for Zhaksy ore samples sintered.
Hematite—Fe, O3, COD9000139; quartz—SiO,, COD9010145; braunite—Mn; 01,51, COD9006541.
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We observed a gradual increase in the amorphous content with an increasing sintering
temperature. At a critical point of a significant phase composition change, the amorphous
phase content decreased sharply, followed by a subsequent increase with further temper-
ature rise. The temperature at which the phase composition changed significantly was
determined to be 900 °C.

Additionally, Tables 3 and 4 provide the results of the semi-quantitative phase content
analysis, including the degree of crystallinity (DOC) values calculated using the internal
standard method.

Table 3. Semi-quantitative analysis of crystalline phase ratios in Bogach ore samples, based on
Rietveld refinement, in their initial state and after sintering for 4 h.

Phase 25°C  300°C  400°C  500°C  600°C  800°C  900°C  1000°C  1100°C  1200°C
Cryptomelane
Al osFep.16Ko.6s Mn376Nag 11 OsSro .08, 40.26 41.62 40.17 42.04 42.33 37.51 17.07 - - -
COD9007647
Braunite
Fey 3sMny1 205351, CODI000774 24.18 25.56 23.39 20.73 23.12 32.29 27.28 1.82 - -
Braunite
Mn;01,5i, COD9000532 - - - - - - - - 6.75 4.23
Calcite
CaCO;, COD9000095 13.62 14.49 15.25 16.51 16.71 3.76 - - - -
Hollandite
Bag7sFeo 05 Ko 10Mns 0205, CODI009727 11.59 12.18 11.68 10.02 11.58 12.49 6.85 9.89 - -
Quartz
$i0,, COD 9005019 10.34 6.14 9.50 10.71 6.26 6.67 1.48 - - -
Hausmannite
MnsO,, COD1514121 0.00 0.00 0.00 0.00 0.00 7.28 5.65 68.04 90.45 95.77
Manganosite * B B B R R B B _ 280 R
MnO, COD1514229 .
Goosecreekite * B B ~ B B B 736 ~ B B
Al,CaH5014Sig, COD9001040 ’
Serandite * : : ) ) } } 8.05 ) } )
Cap.18Mnj §:NaOySiz, COD9000488 -
Grossular *
Al 953Caz.922Feg 1Mgo.003Mng 045012512955 Tio.02, - - - - - - 8.45 - - -
COD9017181
Spinel *
Aly401Mgg 30504, COD9005768 - - - - - - 17.62 - - -
Frankdicksonite * B B ~ R B B B 1.48 B R
BaF,, COD9009004 :
Calcium manganese oxide * B B B B B B B 1877 B B
CaMn;04,, COD2104444 :
DOC, % 424 394 49.6 40.5 41.7 33.0 56.2 38.5 379 25.8
Rwp 2.61 2.56 2.56 2.61 2.57 2.5 5.05 2.76 2.73 2.78
* Possible phases found as the most suitable from COD through the consistency of the strongest peaks.
Table 4. Semi-quantitative analysis of crystalline phase ratios in Zhaksy ore samples, based on
Rietveld refinement, in their initial state and after sintering for 4 h.
Phase 25°C 300°C 400 °C 500 °C 600 °C 800 °C 900 °C 1000 °C 1100 °C
Braunite
Mn;0,Si, 34.03 33.35 33.09 31.30 32.50 45.71 60.04 7497 83.81
COD9006541
Quartz
SiO,, COD 58.08 57.85 58.83 59.71 58.60 4431 33.95 23.90 16.19
9010145
Hematite
Fe, 03, 7.89 8.81 8.08 8.99 8.91 9.98 6.01 1.14 -
COD9000139
DOC, % 29.0 26.0 25.9 27.3 27.5 40.2 39.6 36.99 26.87
Ruwp 3.84 3.95 3.93 4.00 4.01 3.77 3.63 3.33 343

After 900 °C, the hausmannite content in the crystalline component of the Bogach
ore samples increased sharply, reaching 90.45 wt.% at 1100 °C. Subsequently, the rate of
increase slowed, with hausmannite accounting for 95.77 wt.% of the crystalline component
at 1200 °C. Concurrently, the degree of crystallinity decreased significantly, from 56.2% at
900 °C to 25.8% at 1200 °C.

The quartz content gradually declined, starting from 10.34 wt.% in the initial state
(25 °C) to 1.48 wt.% at 900 °C. After sintering at higher temperatures, quartz was no longer
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detected in the diffraction patterns. At 900 °C and 1000 °C, diffraction peaks corresponding
to several unstable crystalline phases were observed, contributing to an increase in the
DOC. However, with further temperature increases, these phases likely transformed into
the more thermally stable hausmannite phase or transitioned into an amorphous state,
resulting in a gradual increase in the amorphous phase content.

When studying the Zhaksy ore samples, a sharp increase in the degree of crystallinity
(DOC) was observed at 800 °C. At this temperature, the amounts of crystalline braunite and
quartz were nearly equal, while the hematite content remained relatively high at 9.98 wt.%.
At higher temperatures, quartz and hematite underwent amorphization, leading to a
decrease in DOC. By 1100 °C, the crystalline quartz content had decreased from 58.08 to
16.19 wt.%, and hematite was no longer detectable. Concurrently, the braunite content
within the crystalline phase increased to 83.81 wt.%.

Sintering at temperatures above 1100 °C leads to the melting of Zhaksy ore, while
Bogach ore begins to melt at temperatures exceeding 1200 °C. The conditions for melt
formation depend on the ore composition, with quartz apparently playing a crucial role.
Even though pure quartz melts around 1700 °C, its interaction with dispersed fluxes—in
a fine-grained, partially amorphous state—lowers the effective melting point by creating
eutectic melts at lower temperatures. By contrast, the Bogach ore generally contains
fewer fluxing components and a higher proportion of thermally stable manganese oxides,
delaying the onset of melting until temperatures exceed 1200 °C.

This phenomenon is akin to surface melting or thermal softening in multi-component
systems, where the presence of minor phases and their chemical interactions ultimately
determine how early a melt phase appears.

Operations involving the melt are challenging because of the high hardness of man-
ganese ore melts. This hardness complicates sample preparation for analyses such as X-ray
powder diffraction (XRD) and X-ray fluorescence (XRF) using the pressed pellet method.
Additionally, the high hardness of the melts makes it difficult to prepare powdered prod-
ucts for further characterization. Finally, it is important to note that melting processes fall
outside the scope of this study, which focuses exclusively on the sintering process.

Table 5 presents the structural parameters of the hausmannite (Mn3O4) and braunite
(Mny7O1,Si) crystalline phases obtained after ore sintering, analyzed using Rietveld refine-
ment in Profex software. For the hausmannite phase, derived from Bogach ore sintered
at 1200 °C, the lattice parameters indicate a tetragonal crystal system with space group
141 /ay/my/d and lattice parameters a = b = 5.763 A and ¢ =9.439 A. The phase exhibits
a very low lattice strain (9.4 x 10~7), suggesting minimal lattice distortions. The average
crystallite size is relatively small at 113.4 £ 4.5 nm, indicating fine crystallites, which may
enhance material reactivity. The density of 4.848 g/cm?® and an R-phase value of 4.17%
indicate a good fit between experimental and calculated diffraction data.

Table 5. Structural and crystallographic parameters of hausmannite and braunite crystalline phases
obtained after ore sintering, calculated using Rietveld refinement in Profex software.

. . . . . Average .
Crystalline Sintering Lattice Lattice 2 s Density, § o Crystal
Phase Ore Temperature, °C Strain Parameters, A (CI:};:;thlrlit:) srllf:: g/em® R-phase, % System Spacegroup
Hausmannite a=b=5763
MnzOy, Bogach 1200 94 x 1077 ; - ; 4'39 1134 +45 4.848 417 tetragonal 141/ay/my/d
COD1514121 =7
Braunite a=b=9436
Mn;O1,Si, Zhaksy 1100 73.6 x 1077 c_= 1_8.7.69 176.0 +34.0 4.806 4.01 tetragonal 141/a3/c/d

COD9006541




Metals 2025, 15, 89

16 of 34

For the braunite phase, derived from Zhaksy ore sintered at 1100 °C, the lattice param-
eters also correspond to a tetragonal crystal system but with space group 14 /a,/cy/d, and
lattice parameters a = b = 9.436 A and ¢ = 18.769 A. This phase shows a significantly higher
lattice strain (73.6 x 10~7), indicating more pronounced lattice distortions, potentially due
to differences in composition. The average crystallite size is larger at 176.0 £ 34.0 nm,
suggesting coarser crystallites compared to hausmannite. The density of 4.806 g/cm? and
an R-phase value of 4.01% also confirm a reliable refinement. Thus, the hausmannite phase
exhibits smaller crystallites and a lower lattice strain compared to braunite, which may
reflect differences in their formation mechanisms and structural stability under the given
sintering conditions.

3.3. Scanning Electron Micrographs of the Studied Samples

Manganese ore samples were analyzed using SEM with an Axia ChemiSEM (Thermo
Fisher Scientific, USA). The integrated EDS system facilitated the analysis of elemental
distribution alongside capturing micrographs of the samples. Figure 8 displays micrographs
of Zhaksy ore samples in their initial state and after sintering at 900 °C and 1100 °C.
Elemental mapping was performed by assigning distinct colors to different elements based
on EDS results. The primary elements detected were Mn, Si, and O, which align well
with the findings of XRF analysis. In Figure 8, Mn is represented in purple, while Si is
depicted in yellow. The use of contrasting colors enabled the visual assessment of the
spatial distribution of the phases.

According to the XRD results, the dominant crystalline phases in the Zhaksy ore
samples were identified as braunite (Mn;O1,5i) and quartz (5iO,). Therefore, it can be
inferred that the areas highlighted in purple (Mn) correspond to the braunite phase, whereas
the areas highlighted in yellow (Si) predominantly represent quartz. Although Si is also
present in braunite, its concentration in this phase is significantly lower.

The comparison of the micrographs enables us to track changes in the surface structure
of Zhaksy ore samples at different scales after the sintering process. In the initial state,
the samples consist of dense, nonuniform particles of varying sizes, ranging from 50 pm
to 1 um (Figure 8a). The nonuniformity in particle size is likely due to manual sample
preparation using a pestle and mortar. Two distinctly highlighted components are visible
in the micrographs, likely corresponding to braunite and quartz. However, the particle
structures in this state are relatively similar, making it difficult to clearly distinguish
between these two phases. XRD analysis indicates that the degree of crystallinity (DOC) for
this sample is low, with 71 wt.% of the material being amorphous. This high amorphous
content likely prevents the formation of well-defined crystalline structures.

Under higher magnification (x8000), the surface appears dense and lacks significant
porosity (Figure 8b). At this scale, the distribution of the two phases becomes more distinct,
with clearer delineation between the braunite and quartz regions.

Based on the XRD results, significant changes in the phase composition of crystalline
components were first observed at 900 °C. Correspondingly, alterations in the surface
structure were evident (Figure 8c). At this temperature, roundish particles with uneven
surfaces began to form, likely corresponding to microcrystals generated during thermal
processes. Additionally, particles with sharp edges appeared coated with clusters of
irregularly shaped microcrystals. The distribution of Mn and Si atoms remained discernible,
although the contrast between these elements became less pronounced.

At a magnification of x8000, the surface exhibited a less uniform appearance. An
agglomeration of particles occurred, leading to an increase in their size, while small-sized
pores began to form (Figure 8d). Crystals lacked distinct geometric forms and often
appeared as flake-like structures, though occasionally straight crystal edges were visible.
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Despite these changes, the visual distribution of Mn- and Si-containing phases remained
observable, underscoring the transformation dynamics induced via sintering.
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Figure 8. Micrographs of Zhaksy ore samples: (a) in initial state (x1000); (b) in initial state (x8000);
(c) after sintering at 900 °C (x1000); (d) after sintering at 900 °C (x8000); (e) after sintering at
1100 °C (% 1000); and (f) after sintering at 1100 °C (x8000). Mn atoms highlighted in purple; Si atoms
highlighted in yellow.
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The micrograph Figure 8e depicts the sintered Zhaksy manganese ore at 1100 °C at a
1000x magnification. The visible structure shows a highly irregular, porous, and granular
morphology. The sintering process has caused the particles to partially fuse, forming
a network of interconnected grains and voids. These voids or pores are likely due to
gas evolution during sintering or incomplete densification. The manganese-rich regions,
highlighted in purple, are predominant in the image, indicating a significant concentration
of manganese across the structure. This observation aligns with the XRD results, which
demonstrate an increase in braunite crystallization as quartz becomes more amorphous
during heat treatment. The granular forms appear relatively rough, with surface textures
reflecting transformations caused by thermal processes. The presence of yellow-colored
Si-containing phase is minimal in this specific field of view, suggesting that manganese is
the primary constituent of this area, with silicon potentially localized in separate regions or
as part of secondary phases. The observed features are relatively small (micron-scale), with
distinct boundaries between grains.

Under higher magnification (x8000), the micrograph of the Zhaksy ore sample sin-
tered at 1100 °C reveals a granular and rough morphology typical of sintered materials.
Manganese-rich regions (in purple) dominate the visual field, appearing as interconnected
granular phases, with a diffuse presence of silicon-rich areas (yellow—green) interspersed
throughout. The transition zones between manganese and silicon phases appear more
gradual, potentially indicating partial diffusion or interaction during the sintering process.
The surface shows irregular textures with microvoids and slight porosity, likely a result of
gas evolution or incomplete fusion. The microstructure suggests a mixture of manganese
and silicon phases, with some degree of homogeneity in certain areas and localized phase
segregation in others.

Thus, in the initial state, the surface appears relatively smooth and uniform, with
smaller, rounded particles and minimal porosity. After sintering at 900 °C, the surface shows
noticeable changes. The particles have begun to agglomerate, forming larger clusters with
increased porosity. The texture becomes rougher as partial fusion occurs, and manganese-
rich areas become more pronounced. With sintering at 1100 °C, the transformation is
more pronounced. The particles have further fused into larger, interconnected structures
with visible porosity. The texture is even rougher and more complex, reflecting significant
recrystallization and phase development. The high temperature enhances particle bonding
and manganese concentration, altering the material’s properties.

Different locations on the micrographs of Zhaksy ore samples, both in their initial state
and after sintering at 1100 °C, were analyzed using point EDS elemental analysis. Figure 9
illustrates the specific locations where spectra were collected, and the corresponding results
of the elemental analysis are summarized in Table 6.

The analysis was focused on the primary elements present in the samples—Mn, Si,
and O. Initially, the ore shows varying manganese and silicon content, indicating the
presence of phases like braunite and quartz. Points 2, 3, and 7, with higher manganese,
likely correspond to braunite-rich regions. Points 4 and 5, with elevated silicon, represent
quartz-rich areas. The high oxygen content suggests the presence of oxides, consistent with
a significant amorphous phase in the initial samples. After sintering at 1100 °C, manganese
distribution becomes more uniform with slight fluctuations in silicon content, reflecting
thermal effects on the phases. Increased manganese at points 2, 6, 7, and 8 indicates
enhanced braunite crystallization. Point 9, with higher silicon, may still represent quartz,
though its distinctiveness decreases, aligning with quartz amorphization observed during
sintering. These changes align with phase transformations due to heat treatment, leading to
morphological changes such as microcrystalline structures, confirming braunite and quartz
as dominant phases with significant reorganization during sintering.
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Figure 9. Micrographs of Zhaksy ore sample in initial state (a) and after sintering at 1100 °C (b) with
points for EDS.

Table 6. Mn, Si, and O content in samples of Zhaksy ore analyzed via EDS using AxiaChemiSEM
(Thermo Fisher Scientific, USA).

Initial State

Point Mn (at.%) Si (at.%) O (at.%) Mn (wt.%) Si (wt.%) O (wt.%)
1 11.7 9.5 78.8 29.6 12.3 58.1
2 29.7 9.5 60.8 56.8 9.3 33.9
3 22.0 9.1 68.9 47.0 10.0 43.0
4 1.4 25.2 73.4 3.9 36.1 60.0
5 7.0 18.0 75.0 18.3 242 57.5
6 17.1 14.7 68.2 38.4 16.9 447
7 20.4 59 73.7 455 6.7 47.8
Sintered at 1100 °C
Point Mn (at.%) Si (at.%) O (at.%) Mn (wt.%) Si (wt.%) O (wt.%)
1 18.6 147 66.7 40.8 16.5 42.7
2 27.3 13.6 59.1 53.1 13.5 33.4
3 16.1 13.2 70.7 37 15.6 47.4
4 189 9.9 71.2 423 11.3 46.4
5 16.5 16.3 67.2 37.1 18.8 441
6 25.7 8.1 66.2 52.3 8.4 39.3
7 27.1 9.2 63.7 53.8 9.4 36.8
8 24.5 20 55.5 48.1 20.1 31.8
9 7.5 19.7 72.8 19.2 26 54.8
10 13 155 71.5 31.1 19 499

Figure 10 displays micrographs of Bogach ore samples in their initial state and after
sintering at 900 °C and 1200 °C. The primary elements detected were Mn, Si, Ca and O. In
Figure 10, Mn is represented in purple, Si is depicted in yellow, and Ca is green.

The micrograph at 1000 x magnification (Figure 10a) depicts manganese ore with a
granular structure composed of spherical and irregularly shaped particles. The particles ex-
hibit a range of sizes, with larger roundish granules mixed with smaller irregular fragments.
The surface of the particles appears rough and non-uniform, indicative of natural ore char-
acteristics and potential processing effects. The results of XRD showed the predominance of
Mn-containing phases like cryptomelane and braunite. Elemental mapping was performed
using EDS to visualize the elemental distribution, with manganese highlighted in purple.
The predominance of purple coloring confirms a high manganese content throughout the
sample, consistent with its elemental composition and expected phases. The granular
morphology and the observed distribution suggest the presence of manganese-rich phases,
likely braunite and cryptomelane as the major components. The rough surface textures
also hint at possible microstructural heterogeneities within the sample.
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Figure 10. Micrographs of Bogach ore samples: (a) in initial state (x1000); (b) in initial state (x8000);
(c) after sintering at 900 °C (x1000); (d) after sintering at 900 °C (x8000); (e) after sintering at
1200 °C (% 1000); and (f) after sintering at 1200 °C (x8000). Mn atoms highlighted in purple, Si atoms
highlighted in yellow, and Ca atoms highlighted in green.
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On the micrograph, at a magnification of x8000, the structure appears densely
packed, with particles showing irregular, non-uniform shapes and sizes (Figure 10b).
The manganese-rich regions, highlighted in purple through elemental mapping, show
an uneven distribution across the sample. The individual particles are compact, with
limited porosity, suggesting that the sample has undergone minimal physical alteration
during preparation. The granular texture shows minor flake-like features, which could
be a result of mechanical crushing during sample preparation. Silicon-based regions are
less pronounced. Overall, the microstructure of this sample demonstrates the significant
difference in sizes of particles, which can be explained with the handy sample preparation
and significant variety in phase content. Notably, that the surface structure of Bogach ore is
loose in contrast to the dense surface of Zhaksy ore sample in the initial state.

Figure 10c illustrates manganese ore after sintering at 900 °C, magnified at x1000. The
structure consists of a variety of particle sizes, predominantly rounded and densely packed
grains. These grains exhibit a rough and textured surface characteristic of the thermal
transformations during sintering, such as particle coalescence and partial fusion. The image
reveals significant agglomeration, forming clusters of manganese-rich regions, which are
indicative of enhanced crystallization and phase changes at this temperature.

Although the overall structure appears dense, smaller voids and gaps between parti-
cles are noticeable. These voids likely result from incomplete densification or gas release
during the sintering process. Additionally, some distinct features such as nanosized rod- or
needle-like formations can be observed, suggesting specific crystalline growth patterns trig-
gered under these thermal conditions. The color distribution emphasizes the dominance of
manganese throughout the structure, reflecting the compositional and structural evolution
of the ore during sintering.

The micrograph, magnified at x8000, shows a manganese-rich surface highlighted in
purple (Figure 10d). The structure is characterized by rod-like and needle-like formations,
indicative of crystalline growth patterns. These intricate and elongated structures suggest
specific crystallization occurring during sintering at high temperatures. The surface is
densely packed with these formations, creating a complex, porous texture. This morphology
indicates significant structural transformation, with a high degree of surface roughness and
interconnection between the grains.

The micrograph of manganese ore after sintering at 1200 °C, magnified x1000
(Figure 10e), reveals an increase in grain size due to the high sintering temperature. The
surface structure appears rough and complex, with well-defined, large particles that indi-
cate significant coalescence and fusion. The edges and surfaces of the grains seem irregular,
suggesting recrystallization and phase growth. The porosity appears minimized, likely due
to the high degree of particle bonding. This structural transformation reflects enhanced
densification and crystallization typical of elevated sintering temperatures.

The micrograph Figure 10f shows manganese ore sintered at 1200 °C, with a magnifi-
cation of x8000. The surface structure reveals the formation of tetragonal crystal structures,
indicative of the hausmannite phase. These distinct crystalline forms suggest significant
crystallization during the sintering process. The grains are well defined and larger, re-
flecting increased coalescence and densification at this temperature. The overall texture is
rough and complex, with fewer voids, indicating strong particle bonding and a high degree
of structural transformation.

Thus, in the initial state, the micrograph of Bogach manganese ore shows a mix of
smaller, rounded particles with a rough texture. After sintering at 900 °C, the structure
becomes denser with the formation of elongated, needle-like crystals, suggesting phase tran-
sitions and increased crystallization. At 1200 °C, the surface reveals more pronounced and
larger tetragonal crystals, indicative of significant grain growth and further densification.
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The structural transformation reflects enhanced crystallization and phase development at
higher temperatures.

Different locations on the micrographs of Bogach ore samples, in their initial state
and after sintering at 900 and 1200 °C, were analyzed using point EDS elemental analysis.
Figure 11 illustrates the specific locations where spectra were collected, and the correspond-
ing results of the elemental analysis are summarized in Table 7. The analysis was focused
on the primary elements present in the samples—Mn, Ca, Si, Fe, C, and O.

Based on the EDS analysis data from Table 7, the Bogach manganese ore samples
show distinct compositional variations across different states and sintering temperatures.
In the initial state, the samples contain varied amounts of manganese (11.9-65.9 at.%),
calcium (0.6-23.1 at.%), and silicon (0.3-2.9 at.%), suggesting the presence of multiple
mineral phases. The high manganese content points at 6 and 7 (53.1 and 65.9 at.%) indicate
manganese-rich phases, while elevated calcium content at point 4 (23.1 at.%) suggests
calcium-rich minerals. The significant oxygen content (17-64.1 at.%) confirms the presence
of oxide phases. After sintering at 900 °C, the manganese distribution becomes more
uniform (19.3-36.4 at.%), with moderate calcium content (1.5-5.9 at.%). The oxygen levels
remain substantial but show less variation compared to the initial state. This suggests
phase homogenization during thermal treatment. At 1200 °C, further phase transformation
is evident. Manganese content shows increased concentration in several points (up to
42.2 at.%), while calcium content generally decreases, except for point 5 (6.4 at.%). The
oxygen content remains significant but shows less variation, indicating the formation of
stable oxide phases. The relatively low silicon content across all temperatures suggests
that it plays a minor role in the phase composition. The presence of carbon and iron in
small quantities might indicate carbonate phases and iron oxide impurities, respectively.
These compositional changes reflect the formation of new crystalline phases and increased
homogenization at higher sintering temperatures.

Micrographs of Bogach ore after sintering at 900 °C and 1200 °C, as well as Zhaksy ore
after sintering at 1100 °C, were analyzed to study particle size distribution. Figure 12 illus-
trates the features considered for statistical analysis. The results of particle size distribution
studies are summarized in Table 8.

Table 7. Elemental content in samples of Bogach ore analyzed via EDS using AxiaChemiSEM (Thermo
Fisher Scientific, USA).

Initial State

Point Mn Ca Si Fe C O Mn Ca Si Fe C (@)
(at.%) (at.%) (at.%) (at.%) (at.%) (at.%) wt.%) (wt.%) Wwt%) Wwt%) Wwt.%) (wt.%)

1 19.5 1.1 14 0 224 55.6 46.4 1.9 1.7 0 11.6 38.4
2 20.2 1.2 0.8 0.2 16.3 61.3 46.8 2 0.9 04 8.3 41.6
3 14.8 0.6 1.8 0.1 18.6 64.1 38 1 24 0.2 10.4 48
4 119 23.1 0.3 0.4 10.5 53.8 25.1 35.5 0.4 0.9 49 33.2
5 20.4 3.6 2.9 0.4 12.3 60.4 45.1 5.8 3.2 0.9 6 39
6 53.1 29 1.2 1.2 13.4 28.2 77.9 3.1 0.9 1.8 4.3 12
7 65.9 8.7 1 1.2 6.2 17 82.1 7.9 0.6 1.5 1.7 6.2
8 12.3 10 1.1 0.2 13.6 62.8 29.6 17.6 14 0.6 7.1 43.7
9 16.5 1.2 1.9 0.1 17.6 62.7 40.7 2.2 24 0.2 9.5 45
10 17.8 1 1 0.1 17.2 62.9 433 1.7 1.3 0.2 9.1 444




Metals 2025, 15, 89

23 of 34

Table 7. Cont.

Initial State

Point Mn Ca Si Fe C (@) Mn Ca Si Fe C (@)
(at.%) (at.%) (at.%) (at.%) (at.%) (at.%) (Wt.o/o) (Wt.o/o) (Wt.o/o) (Wt.o/o) (Wt.o/o) (Wt.o/o)
Sintered at 900 °C
Point Mn Ca Si Fe C (@) Mn Ca Si Fe C (@)
(at.%) (at.%) (at.%) (at.%) (at.%) (at.%) (Wt.o/o) (Wt.o/o) (Wt.o/o) (Wt.o/o) (Wt.o/o) (Wt.o/o)
1 26.8 54 1.1 0.1 14.6 52 53.8 7.9 1.1 0.2 6.4 30.6
2 314 59 1.7 0.1 13.2 47.7 58.7 8.1 1.6 0.2 5.4 26
3 36.4 3.7 14 0.2 10 48.3 64.6 4.8 1.3 0.4 3.9 25
4 24 1.5 3.6 0.3 14.4 56.2 51.2 2.4 4 0.6 6.8 35
5 21.7 24 1.2 0.4 17.8 56.5 485 3.9 14 0.8 8.7 36.7
6 22.4 3 1.2 0.3 15.7 57.4 49 49 14 0.6 7.5 36.6
7 19.3 2.2 3.4 0.2 16.9 58 44.5 3.7 4.1 0.4 8.5 38.8
8 299 15 0.8 0.1 14.2 53.5 59.5 2.2 0.8 0.2 6.2 31.1
9 24.7 5.3 1.7 0.2 14.3 53.8 51.1 7.9 1.8 0.3 6.5 324
10 335 19 0.9 0.1 12.3 51.3 63.2 2.5 0.8 0.3 5.1 28.1
Sintered at 1200 °C
Point Mn Ca Si Fe C O Mn Ca Si Fe C (@)
(at.%) (at.%) (at.%) (at.%) (at.%) (at.%) wt.%) (wt%) wt%) Wwt%) Wwt.%) (wt.%)
1 28.6 0.6 0.6 0.6 14.7 549 58.2 0.9 0.6 1.3 6.5 325
2 29.3 2.8 2.8 0.3 12.7 52.1 57.5 3.9 2.8 0.6 5.4 29.8
3 38.7 0.7 0.8 04 11.1 48.3 68.6 0.9 0.7 0.6 4.3 24.9
4 37.3 0.6 0.6 0.4 9.9 51.2 67.1 0.8 0.6 0.7 3.9 26.9
5 13.8 6.4 4.7 0.1 14.1 60.9 33 11.1 5.7 0.2 74 42.6
6 42.2 0.2 0.7 0.5 8.9 47.5 715 0.3 0.6 0.9 3.3 234
7 34.6 1.6 2 0.4 10.8 50.6 63.9 2.1 1.9 0.7 43 27.1
8 22.4 0.6 1.1 0.2 17.3 58.4 50.5 1 1.3 0.4 8.5 38.3

In Bogach ore sintered at 900 °C, a significant number of particles exhibited nano-rod
morphology, characterized by their elongated shape with cross-sections averaging 181 nm.
After sintering at 1200 °C, the morphology shifts significantly. The particles transition into
flake-like structures and agglomerates of these flakes, accompanied by the emergence of a
significant number of tetragonal crystalline formations. These formations suggest more
pronounced crystal growth and structural reorganization due to the higher temperature.

In Zhaksy sintered at 1100 °C, the particle morphology includes tetragonal-like crys-
talline formations and roundish particles. This indicates a mix of crystalline growth with a
different nature.

In this study, the coefficient of variation (CV) was used to assess the uniformity of
particle size distribution by calculating the ratio of standard deviation to mean value,
expressed as a percentage. Values below 10% indicated high uniformity in particle sizes,
values between 10 and 30% suggested moderate uniformity, and values above 30% reflected
high variability in the distribution.

The particle size distributions, as shown in Table 8, vary depending on the sintering
temperature and the ore type. In Bogach sintered at 900 °C, the particle sizes are highly
variable, with cross-sections of nanorods averaging 181 nm and a wide range from 86 nm
to 342 nm. When Bogach is sintered at 1200 °C, the size distribution changes significantly.
Flake-like particles exhibit a moderately uniform distribution, while agglomerates and
tetragonal crystalline formations are more variable, with the latter showing the greatest
variability and larger sizes.
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Figure 11. Micrographs of Bogach ore sample in initial state (a), after sintering at 900 °C (b), and after
sintering at 1200 °C (c) with points for EDS.

In Zhaksy, sintered at 1100 °C, the tetragonal-like crystalline formations and roundish
particles display moderately uniform size distributions. The tetragonal-like particles are
larger on average than the roundish ones, but both exhibit narrower ranges compared to
the highly variable crystalline formations in Bogach.

3.4. Optical Micrographs of the Studied Samples

Figure 13 displays the optical micrographs of the studied manganese ore samples in
their initial state and after the sintering processes.

The optical micrographs reveal characteristic transformations in both Bogach and
Zhaksy manganese ores during thermal treatment. Bogach ore initially displays dark
brownish coloration, appearing notably darker than Zhaksy ore, which suggests higher
manganese content. The particle distribution is initially uniform in both ores. As the sinter-
ing temperature increases, Bogach ore undergoes a gradual color transition, developing
a grayish brown shade at 800 °C, followed by the emergence of distinct bright brownish
regions within a grayish brown matrix at 1000 °C. A dramatic change occurs at 1100 °C,
where the ore develops brownish black tones with bright reflective spots, attributed to
glassy phase formation and recrystallization processes. The sintering above 1000 °C in-
duces melting and vitrification, creating smoother, denser surfaces with enhanced light
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reflection. Notably, blackish phases overlay the brown formations observed after 1000 °C
treatment, and large agglomerates form at these elevated temperatures.

The Zhaksy ore demonstrates different transformation patterns, transitioning from
its initial dark brownish color to increasingly pronounced grayish tones. At 1000 °C,
the color becomes notably darker with visible luster, and at 1100 °C, the ore develops a
distinctive gray-black shade with increased surface reflectivity. The more pronounced
luster in Zhaksy ore compared to Bogach correlates with its higher quartz content and
subsequent amorphization. Unlike Bogach, Zhaksy ore does not develop distinct brownish
formations during sintering. These variations in color and morphological changes reflect
the fundamental differences in mineralogical composition and phase transformations in

the studied ores during thermal processing.

(a) (b)

Figure 12. Micrographs of studied ore samples with particles selected for size measurements:
(a) nanorods in Bogach ore sample after sintering at 900 °C; (b) tetragonal crystalline formations
(blue circles), flake-like particles (green circles), and agglomerates of flake-like particles (red circles)
in Bogach ore sample after sintering at 1200 °C; (c) tetragonal-like crystalline formations (blue circles),
and roundish particles in Zhaksy ore sample after sintering at 1100 °C.
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Table 8. Particle morphology and size distribution of Bogach and Zhaksy manganese ores after
sintering at different temperatures.

Ore Bogach (Sintered Bogach Zhaksy
at 900 °C) (Sintered at 1200 °C) (Sintered at 1100 °C)
Particle Flake-like Agglomer.ates of Tetragopal Tetragona.l-like Roundish
morphology Nanorods particles ﬂakg—hke crystal.hne crystal'hne particles
particles formations formations
Type and unit of Cross-section of Particle diameter,  Particle diameter,  Particle diameter, = Particle diameter, = Particle diameter,
measurement, nanorods, nm um um um um um
Number of
measured 56 30 12 29 29 38
elements
Mean value 181 0.698 2.491 2.923 1.353 0.643
Standard 55.3 0.169 0.812 1.145 0.368 0.158
Deviation
Coefficient of o o o o o o
Variation (CV) 30.5% 24.2% 32.6% 39.2% 27.2% 24.6%
Interp Il‘eta.t%on of Highly variable Mod.erately Highly variable Highly variable Modgrately Mod.erately
variability uniform uniform uniform
Minimum 86 0.467 1.427 1.302 0.721 0.441
Maximum 342 1.243 4.023 6.991 2.669 1.156
Range 256 0.776 2.596 5.689 1.948 0.715

(f)

(8) (h) (i) )

Figure 13. Optical micrographs of the studied manganese ore samples: from Bogach deposit in initial
state (x100) (a) and after sintering at 600 °C (x100) (b), 800 °C (x100) (c), 1000 °C (x200) (d), 1100 °C
(x200) (e); from Zhaksy deposit in initial state (x100) (f) and after sintering at 600 °C (x100) (g), 800
°C (x100) (h), 1000 °C (x200) (i), and 1100 °C (x200) (j).

Figure 14 displays linear and logarithmic histograms of pixel intensity distribution on
optical micrographs of the studied manganese ore samples. The use of a histogram in the
logarithmic scale allows a better visualization of details in areas with low signal intensity.
This is particularly useful when data have a large dynamic range or when it is necessary
to emphasize details in dark areas of the image. The logarithmic scale “compresses” high
values and “stretches” low values, making the distribution more visible for analysis.
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Figure 14. Linear (black) and logarithmic (gray) histograms of pixel intensity distribution (in scale
from 0 to 255) on optical micrographs of the studied manganese ore samples: from Bogach deposit in
initial state (x100) (a) and after sintering at 600 °C (x100) (b), 800 °C (x100) (c), 1000 °C (x200) (d),
and 1100 °C (x200) (e); from Zhaksy deposit in initial state (x100) (f) and after sintering at 600 °C
(x100) (g), 800 °C (x100) (h), 1000 °C (x200) (i), and 1100 °C (x200) (j).

The histograms in Figure 14 reveal distinct changes in pixel intensity distribution for
both Bogach and Zhaksy ores during the sintering process. For Bogach ore (Figure 14a—e),
the initial state shows a relatively narrow intensity distribution with a mean value of 34.430.
As the sintering temperature increases, the mean intensity gradually rises, reaching 54.065
at 1100 °C, indicating the overall lightening of the sample. The standard deviation also
increases from 6.858 to 19.473, suggesting greater variation in brightness and contrast. The
logarithmic representation (gray area) shows enhanced detail in low-intensity regions,
particularly evident in samples sintered at higher temperatures.

For Zhaksy ore (Figure 14f-j), the initial state shows a higher mean intensity of 52.632
compared to Bogach, confirming its lighter initial appearance. Through the sintering
process, the mean intensity fluctuates, ultimately reaching 55.471 at 1100 °C, with a notably
high standard deviation of 28.396. The logarithmic histograms reveal a broader distribution
of dark tones, particularly pronounced at 1100 °C, indicating more complex surface features
and greater variation in brightness. This correlates with the observed increased reflectivity
and surface structural changes in the optical micrographs, particularly evident in the
formation of glassy phases at higher temperatures.

4. Discussion
4.1. Obtained Phases

The sintering of manganese ores from the Bogach and Zhaksy deposits revealed dis-
tinct thermal behaviors, yielding two stable phases: hausmannite (Mn30Oy) in Bogach ore
and braunite (Mn,*Mng3*SiOy) in Zhaksy ore. For Bogach ore, hausmannite became the
dominant crystalline phase at 1100 °C and 1200 °C, constituting 90.45 and 95.77 wt.%,
respectively. This transformation aligns with prior studies, where hausmannite origi-
nates through the thermal decomposition of manganese (III) oxide in air between 950 °C
and 1100 °C [50,51]. The phase crystallized as tetragonal structures, characterized by
minimal lattice strain and average crystallite sizes of 113.4 nm at 1200 °C. The crystallo-
graphic characteristics of hausmannite, including its tetragonal symmetry (space group
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141/amd) and lattice parameters (a = 5.763 A, c = 9.439 A), were in agreement with pub-
lished data [52-54]. The hausmannite crystals exhibited tetrahedral-like morphologies, as
observed in SEM micrographs.

The synthesized hausmannite exhibited tetrahedral-like forms, consistent with pre-
vious findings. For instance, in [36], hausmannite tetrahedral nanoparticles were derived
from West Sumatera manganese ore, showing that the sintering process influences phase
formation. The hausmannite phase emerged at 700 °C, and sintering temperature varia-
tions facilitated its formation. Similarly, [30] reported manganese powders synthesized
via dry precipitation from natural manganese ore, where sintering temperature impacted
the crystal structure and grain size of manganese oxide. Higher sintering temperatures
caused structural changes and increased grain size in the hausmannite phase. As well,
in [33], Mn3O4 was synthesized as nano-octahedral crystals using a hydrothermal method
with polyethylene glycol (PEG200) serving as a reductant and shape-directing agent. Mi-
crographs of synthesized hausmannite were presented in which the shapes of crystals were
quite similar to those obtained in this study.

Notably, at intermediate sintering temperatures (900 °C), nanorod-like formations
appeared, likely representing transitional structures. These nanorods could correspond
to metastable hydromanganite or MnO(OH) phases, as previously reported in analogous
studies [32,33]. However, no definitive evidence of MnO(OH) phases was detectable in this
study due to the complexity of natural ore compositions.

In Zhaksy ore, braunite emerged as the predominant crystalline phase after sintering
at 1100 °C (83.81 wt.%). The crystallized braunite displayed tetragonal morphology, con-
sistent with its reported crystallographic parameters. Braunite formation dominated the
sintering process, with crystallographic parameters (a = 9.432 A, ¢ = 18.703 A) consistent
with previously reported values [55]. Published literature describes braunite as forming
polyhedral or pseudo-octahedral crystals [56], which align with the well-defined crystal
surfaces observed in the micrographs.

4.2. Morphological Evolution

Both ores exhibited significant morphological and color changes during sintering.
In Bogach ore, the initial structure of irregular grains evolved into densely packed, elon-
gated needle- and rod-like structures at 900 °C, consistent with recrystallization during
intermediate-phase stabilization. At 1200 °C, the grains coalesced into larger, well-defined
tetragonal crystals, characteristic of hausmannite. Bogach ore transitioned from a dark
brownish shade in its initial state to a brownish black hue at 1200 °C, consistent with the
characteristics of hausmannite.

In contrast, Zhaksy ore shifted from brownish gray tones to a distinctive grayish black
shade at 1100 °C, reflecting enhanced braunite crystallization and quartz amorphization.
SEM micrographs revealed that the increase in sintering temperature promoted particle
coalescence, grain growth, and surface smoothing. The development of surface gloss above
1100 °C was more pronounced in Zhaksy ore, correlating with its higher quartz content.
This gloss can be attributed to surface vitrification or partial melting of quartz and other
amorphous components.

Upon heating a polymineral rock, the phase with the lowest melting point begins to
melt first. As the temperature increases, this low-temperature phase melt reacts with the
surface layers of higher-melting-point phases. This interaction results in the formation
of melts with intermediate chemical compositions, giving the melt a zonal structure [57].
Research indicates that the surface melting temperature of crystals in various compounds
is approximately 50-87% of their bulk melting temperatures [58]. In addition, the degree
of sample grinding during preparation plays a significant role. The complete melting of a
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polymineral rock sample typically occurs at a temperature much higher than the melting
point of the finely ground powder of the same sample.

Given the grinding of the samples during preparation and the fact that melting zones
are primarily surface phenomena without forming a bulk melt, it is reasonable to conclude
that quartz may undergo surface amorphization. In other words, although quartz has
a high bulk melting point (1720 °C [59]), surface melting or amorphization can occur at
significantly lower temperatures, particularly as a surface melting process for fine powders.
Moreover, quartz can interact with other amorphous or dispersed phases acting as fluxes.
The amorphized substances interact with the surfaces of high-temperature phases, forming
a characteristic amorphous coating, as clearly observed in Figures 8e and 10e. Moreover,
not only quartz but also other less thermally stable components, which might be part
of the amorphous phase but undetected via diffraction methods, may undergo surface
melting. Importantly, the appearance of smooth surfaces and luster is more pronounced
in the Zhaksy ore, which contains notably higher quartz content. This finding establishes
a direct correlation between the quartz content and the ability of the ore to form surface
melts during sintering.

Therefore, the crystallization of the ore surface due to sintering is reflected in changes
in both color and texture. Additionally, the results suggest that quartz in the Zhaksy ore
either undergoes amorphization or interacts with other components to form a surface melt
layer. This melt either amorphizes quartz or obscures the crystalline quartz beneath it. This
phenomenon accounts for the reduced intensity of quartz reflections in X-ray diffraction
patterns after high-temperature sintering. Conversely, braunite appears to crystallize
from amorphous components, leading to the formation of tetragonal-like crystals and
accompanying color changes.

4.3. Compositional Changes

It has been determined that the Bogach deposit is characterized by a more pronounced
manganese content, whereas the Zhaksy deposit contains a significant amount of silicon.
The elemental composition of these deposits is largely determined by their formation
processes and mineralogical composition. The Bogach deposit is primarily composed of
oxidized manganese minerals such as cryptomelane, braunite, and hollandite. These phases
are rich in manganese due to their mineralogical characteristics, where manganese oxides
dominate over silicates. In contrast, the Zhaksy deposit contains an abundance of braunite
(3Mn,0O3-MnSiO3) and quartz (SiO;) as primary phases. Braunite inherently incorporates
significant silicon in its structure, while quartz serves as a major source of silicon content in
the deposit.

XRF and EDS analyses demonstrated reduced phase complexity and increased ele-
mental uniformity after sintering. For Bogach ore, manganese content increased (65.7 wt.%
at 1100 °C), reflecting the transition from less stable oxides to more reduced hausmannite.
Conversely, silicon content diminished, correlating with the loss of quartz reflections in
XRD patterns above 900 °C. Similar trends were observed for calcium and aluminum,
suggesting their incorporation into minor phases or amorphous components.

The Zhaksy ore displayed a more stable manganese distribution but showed significant
reductions in silicon content, from 20.85 wt.% in the initial state to 12.9 wt.% at 1100 °C.
This decrease aligns with the amorphization of quartz and other silicon-containing phases.
Iron content in Zhaksy ore remained relatively stable, reflecting the persistence of hematite
at intermediate temperatures and its disappearance at higher sintering levels. Elemental
mappings also showed sharper delineations between manganese- and silicon-rich phases
at lower sintering temperatures, which became less pronounced at higher temperatures
due to interphase interactions.
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4.4. Mechanisms of Sintering

At its core, the sintering process involves diffusion, densification, and phase trans-
formation, enabling the consolidation and transformation of the ore into more stable
manganese oxide phases.

As the temperature of the Bogach ore increases during sintering (600-1200 °C), several
thermally induced phenomena occur. Initially, the ore contains a mixture of cryptomelane,
braunite, and quartz phases. At around 900 °C, significant recrystallization begins, char-
acterized by the formation of nanorod-like structures, indicative of intermediate phases
like MnO(OH) or metastable manganese oxides. Quartz peaks diminish, reflecting its
progressive transition into an amorphous state. The manganese content increases due to the
decomposition of volatile components and less stable phases, resulting in the enhancement
of manganese enrichment in the crystalline phase.

At higher temperatures (1000-1200 °C), the transformation into hausmannite (MnzOj)
becomes dominant. This phase evolves through a diffusion-driven process where man-
ganese ions migrate, rearrange, and stabilize into a tetragonal structure. By 1200 °C,
hausmannite comprises the majority of the crystalline content, as seen in the XRD patterns.
The densification process is evident in SEM micrographs, where particles coalesce and
form larger, well-defined structures. The surface exhibits tetragonal crystal formations
with rough, porous textures attributed to the release of gases during crystallization. The
decreased quartz reflections further confirm the significant reduction in silicon-containing
phases, correlating with the dominance of manganese-rich oxides.

The sintering process for Bogach ore demonstrates a clear sequence of transformations:
(1) initial recrystallization of manganese oxides, (2) densification and growth of hausman-
nite crystals, and (3) progressive reduction in silicon phases through amorphization. These
mechanisms lead to a final structure with enhanced manganese content and optimal phase
composition, suitable for industrial applications such as catalysts and pigments.

The sintering mechanism of the Zhaksy ore is characterized by diffusion, densification,
and phase transformations that involve the manganese silicate phase braunite (Mn;SiO17)
and significant changes in quartz (SiO,). Initially, at lower sintering temperatures, the
ore exhibits a high amorphous content, with crystalline components dominated by quartz
and braunite. As the temperature increases, diffusion processes become more active,
enabling the rearrangement of atoms and the growth of braunite crystals. Around 900 °C,
microstructural and phase transformations become evident. Braunite starts to crystallize
more prominently, while quartz begins to amorphize, as shown by decreasing quartz peak
intensity in XRD patterns.

At 1100 °C, braunite becomes the dominant phase, comprising up to 83.81% of the
crystalline content, as quartz undergoes further amorphization and disappears from the
diffraction patterns. This increased braunite crystallization reflects the enhanced mobil-
ity of manganese and silicon, which diffuse and reorganize to stabilize this manganese
silicate phase. SEM micrographs reveal a porous, granular structure with interconnected
manganese-rich particles. The interconnected granules suggest partial densification, though
some residual porosity remains.

The overall sintering behavior of the Zhaksy ore is strongly influenced by its mineral
composition, particularly the coexistence of braunite and quartz. The interaction between
these phases during thermal treatment enhances braunite crystallization and reduces
silicon segregation.

4.5. Limitations and Future Directions

The primary limitation of this study lies in the fact that some transitional phases,
such as MnOOH, may not have been fully identified due to the complexity of the ore
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composition and the limitations of the analysis techniques. Future work should focus on
employing complementary methods, such as Raman spectroscopy, to better resolve these
phases. Moreover, the role of amorphous components in influencing phase transitions and
surface vitrification warrants further exploration. Advanced characterization techniques,
such as Raman spectroscopy or transmission electron microscopy (TEM), could provide
further insights into these phases. The mechanical and catalytic properties of the obtained
hausmannite and braunite products should also be investigated to assess their potential
industrial applications.

5. Conclusions

This study comprehensively evaluated the phase transitions, structural evolution,
and compositional changes of manganese ores from the Bogach and Zhaksy deposits
following heat treatments at various sintering temperatures. Through the combination
of XRD, SEM, and elemental analyses, the thermal behavior of these ores under high-
temperature conditions was elucidated. The findings not only provide valuable insights
into phase transformations but also open new possibilities for the practical application of
these materials in producing high-value manganese oxide products. The following main
results were obtained:

1.  Heat treatment of Bogach and Zhaksy manganese ores led to the formation of ther-
mally stable manganese oxide phases. For Bogach ore, hausmannite (MnzO,) became
the dominant phase after sintering at 1000 °C, eventually reaching 95.77 wt.% at
1200 °C. In Zhaksy ore, braunite (Mn;O1,51) was the primary crystalline phase, with
its share peaking at 83.81 wt.% after sintering at 1100 °C.

2. Both ores showed reductions in crystalline quartz content with an increasing tem-
perature. In Zhaksy ore, quartz underwent significant amorphization above 900 °C,
decreasing from 64.85 wt.% in the initial state to 16.19 wt.% at 1100 °C. This aligns with
the structural changes observed in micrographs, where amorphous regions became
more pronounced.

3. SEM micrographs revealed significant structural transformations during sintering.
For Bogach ore, needle-like and rod-like formations were observed at 900 °C, evolving
into well-defined tetragonal crystals at 1200 °C. In Zhaksy ore, the transition to
smoother, denser structures with more pronounced crystalline formations was notable
at 1100 °C.

4. XRF and EDS analyses showed temperature-dependent changes in elemental distribu-
tion. In Bogach ore, manganese content increased from 60.77 wt.% in the initial state
to 65.7 wt.% at 1100 °C, indicating phase homogenization. In Zhaksy ore, manganese
content remained relatively stable, but silicon content decreased significantly from
20.85 wt.% at 25 °C to 12.90 wt.% at 1100 °C, correlating with quartz amorphization.

5. The presence of smooth surfaces and surface luster, particularly in Zhaksy ore, con-
firmed a correlation between high quartz content and surface melting. The partial
amorphization of quartz influenced the structural and optical properties of the sintered
materials, contributing to the overall changes in morphology and light reflectivity.

The findings of this study have practical relevance for the extraction and utilization
of medium-grade manganese ores in Central Kazakhstan. The successful synthesis of
hausmannite and braunite, which have applications as catalysts and pigments, and in the
production of construction materials, highlights the potential for developing cost-effective
technologies to produce high-value products from local raw materials. This approach
addresses the challenge of diminishing high-grade manganese reserves by focusing on
underutilized medium-grade ores, thereby reducing raw material waste and promoting
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sustainable resource management. The techniques and temperature regimes presented
here provide a foundation for optimizing sintering processes in industrial applications.

The findings have broader implications for the manganese ore processing industry,
especially in regions with similar medium-grade deposits. By utilizing local raw materials
and applying cost-effective sintering technologies, it is possible to create competitive, high-
value products with a minimal environmental impact. This approach not only supports
regional economic development but also contributes to the global shift toward more sus-
tainable practices in mineral processing. These efforts align with the growing demand for
eco-friendly technologies and resource-efficient manufacturing processes.
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