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Abstract: Galena is a natural mineral enriched with lead sulfide (PbS). It typically forms in hydrother-
mal veins associated with igneous rocks and can also occur as a gangue mineral in other ore deposits.
PbS is of special importance for scientific research applications due to the possibility of tuning its
semiconductor energy gap using nanotechnology in conjunction with powder metallurgy as an easy,
controllable production route. In this paper, almost pure PbS was successfully produced starting from
a high ratio of PbS phase galena ore. As-received galena lumps were roughly pulverized and milled
to produce four particle size ranges of 38, 63, 125, and 250 um prior to compaction and sintering in a
vacuum (pre-flushed with argon gas). SEM coupled with the EDAX analysis unit was employed to
investigate the microstructure and chemical composition of the as-received galena and the subsequent
products after sintering. The chemical analysis confirmed the high ratio of PbS compound in the
as-received galena and sintered products with approximately 85% Pb and 13% S mass ratio. The
sintering process of the galena powder was carried out at different values of temperature, time, and
compaction pressure. Additionally, the effect of length to diameter ratio of compacted and sintered
samples was investigated. XRD analysis confirmed the existence of the PbS phase in the as-received
and sintered samples at 700 °C with approximately 98 wt.%, as well as a new phase that is formed
at 800 °C with a lower percentage. The micro-hardness of the as-received and sintered samples
was measured and compared with the as-received galena ore. The results showed a significant
reduction in the hardness of sintered galena powder compared with the bulk as-received galena by
52%. Furthermore, a relative sintered density of 99.3% for the as-received galena density signifies a
novel result using powder metallurgy techniques.

Keywords: galena; lead sulfide (PbS); green density; sintering density; powder metallurgy

1. Introduction

Galena is mainly composed of lead and sulfur, resulting in the formation of lead sulfide
(PbS) as well as trace amounts of other elements, including silver, zinc, iron, copper, silicon,
and aluminum. It is a naturally occurring mineral that typically forms in hydrothermal
veins associated with igneous rocks and can also occur as a gangue mineral in other ore
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deposits. The formation of galena is often linked to the hydrothermal alteration of lead-
bearing minerals in the presence of sulfur-rich fluids. Additional compounds like lead
carbonate and lead sulfate can also be present in galena, depending on the location of the
ore mining site [1-6]. PbS, with a lead-to-sulfur ratio of 86:13 mass percent, is found in
the Japanese and American galena ores [1]. This compound is commonly used in various
practical applications, including solar energy and infrared sensors, due to its low energy
gap of bulk pieces (~0.4 eV), optoelectronics, semiconductors, thermoelectric materials,
and biconical uses [7-11]. The physical properties of PbS depend on many factors, such
as its purity (composition), particle size, grain size, and heat treatment. The properties
of the different forms of chemically produced PbS (powder or thin films) depend on the
starting materials and production routes. Nano-sized PbS has been found to have superior
properties for electronics and optical systems. A recent review by Mamiyev and Balayeva
focused on the production and nanostructure of PbS, as well as its optical and electrical
behavior [12]. They concluded that the energy gap (Eg) of the PbS nanoscale product is
almost inversely proportional to the particle size. Thus, the particle size plays a vital role
in controlling its properties and applications. The theoretical study of galena electronic
structures has been investigated by Kang et al. in 2023 [13]. A part of their remarkable result
was that the theoretical and experimental values of galena energy gab and Lattice constant
were almost perfect. Theoretically, they are 0.41 eV and 0.5931 nm, while experimentally,
they are 0.478 eV and 0.5999 nm.

In general, the production route of PbS is dictated by the required application. Powder
metallurgy offers a method for creating bulk PbS from high-grade galena ore as specified
through milling, pressing, controlling the chemical composition, purity of the starting
materials, and sintering. It is an ideal technique for shaping bulk galena into the required
geometry or particle size due to its brittleness and difficulty to machine. The literature is
abundant, with significant information about powder metallurgy and its applications in
numerous fields [14-18].

Depending on the preceding information about powder metallurgy, the bulk of PbS
starting from high-grade PbS galena ore can be produced in the required shape after
converting it into a suitable fine powder, using different methods of milling, followed
by pressing and appropriate sintering procedure. Electrical properties of produced bulk
samples, beginning from galena ingots by milling, compaction, and sintering with different
temperatures and times, have been studied by many workers in this area of research [19-21].
The electrical properties of sintered PbS have been reported, using almost pure powder of
this compound through hot-press sintering, with a high pressure of approximately 0.9 GPa
at 550 °C for 1 h [22].

However, there is a lack of information about the sintering of commercial galena ore
powder with specific physical properties and shapes using the powder metallurgy method.
Galena’s chemical composition, physical properties, and microstructure vary significantly
based on its mining location. So, powder metallurgy is a viable means of production for
galena and other special alloys, which can yield specific properties and shapes for scientific
research and practical industrial applications.

This research aims to obtain a product of PbS based on high-content PbS compound
galena lumps available in the local market in Amman, Jordan. The product is mainly sold
to be used in traditional painting and make-up after it is milled and sometimes mixed with
other ingredients. The research includes a microscopic and chemical analysis investigation
of the commercially available galena employing scanning electron microscopy. The as-
received galena is then milled mechanically, and the gained powder is sieved using four
types of stainless-steel sieves. The produced powders are then investigated, followed by
sintering to fabricate a high-density bulk of PbS from commercial galena ore via powder
metallurgy techniques. This involves using a homemade single-end die compaction at
varying pressures, sintering temperatures, and times in a vacuum atmosphere to find the
ideal sintering state conditions to produce a high relative density product. In addition,
microscopic analysis and X-ray diffraction are carried out to distinguish the original phases
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of the as-received galena and the formed phases after sintering. The ratio of the length
to diameter (L /D) of the compacted pieces is studied. Finally, the micro-hardness of the
as-received and sintered samples is measured for comparison purposes.

2. Some Powder Metallurgy Concepts

Before starting, it is very necessary to highlight some important and key concepts in
powder metallurgy that will be used in the production process, from raw material to the
final form. They are as follows:

2.1. Green Density

This concept is an expression given to the density of the part after compacting by any
powder metallurgy method in which the starting material is a powder. It is one of the most
important properties to be specified in a powder metallurgy process. In general, the green
density increases under the following conditions:

Increasing compaction pressing to the extent of endurance.
Using a wide range of particle-size powder.
Compacting of a ductile powder, such as Cu, Zn, Pb, Sn, and Al, or their mixture. This
depends on prior knowledge of the mechanical properties of compacted powders.

e  Mixing lubricant materials with the powder before compaction facilitates the particles
slipping to obtain a high green density, as the additive lubricant then volatilizes during
the sintering process.

2.2. Sintering

In most cases, the green compacted powder cannot be withstood as a finished part
because of brittleness and low strength. Sometimes, the compacted pieces are required
to have a certain porosity. In all cases, the mechanical properties of compacted powder
must be improved by means of a heat treatment process, which is termed “sintering”. This
mainly aims to increase the cohesion between the compacted particles of the green parts or
even within a loose powder confined to a desired shape for special applications. There are
two types of sintering:

2.3. Solid State Sintering

Sintering can occur in the solid state at a temperature below the melting point of the
compacted powder. Usually, the sintering temperature is approximately 0.6 to 0.8 of the
melting point of the compacted powder [23]. This process bonds the compacted or loose
particles together and increases the strength of the compacted pieces utilizing the powder
metallurgy route. The solid-state sintering process is characterized by mutual diffusion
between compacted and even merely confined particles during sintering at a temperature
lower than the melting point of a single type of compacted powder or at the lowest melting
point of powder of more than one component compacted part. During sintering, the
mobility of the atoms on the surfaces of the particles increases towards the contact points
because of thermal energy, which forms grain boundaries for the new product. In this stage,
the air or any gases present between the particles begin to escape as the volume decreases
and the pores between the particles shrink, which leads to an increase in sintered density.
High relative density products can be obtained by continuing the heat treatment of high
green density pieces at the appropriate sintering temperature, time, and atmosphere, which
is an experimental process to reach the desired aim of sintering.

Generally, many sequential steps occur during the sintering process, namely, initial
particle contacts, necking formation due to mutual diffusion and growing grain boundaries,
pores closing after gases are released, solid-state solidification, and shrinkage, which
subsequently increase the relative density of the products. It is strongly recommended to
sinter in a vacuum atmosphere to avoid oxidation and reaching high sintered densities
unless otherwise required. More information about powder metallurgy and sintering has
been reported [24].
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2.4. Liquid Phase Sintering

This kind of sintering can be defined as the sintering of compact or loose powders
to produce consolidation under conditions where a liquid phase is present during part
of the sintering cycle. This process is widely used for consolidating metallic, different
powders, ceramics, or both together into final products. The advantage of using this route of
production is a very fast densification rate and physical and mechanical properties superior
to those fabricated via solid-state sintering. It is vital to summarize some characteristics of
utmost liquid phase sintering as follows.

e  The liquid phase of the lower melting point particles of the mixed powders should
wet the surface of the other solid particles, i.e., the reaction between mixed materials
is sufficient to ensure a high degree of wetting. This means that diffusion can occur
during the sintering process at the liquid state of one constituent of the mixed powders.

e  Sufficient difference in the melting temperatures of the mixed powder components,
such as mixing iron and copper powders to form an alloy of Fe-Cu, where the melting
of Fe and Cu are around 1538 °C and 1085 °C, respectively.

e  The amount of liquid should be enough to surround most or all of the solid particles
to ensure high sintering density.

e  The fine particle size of the mixed powders will facilitate fast infiltration and, sub-
sequently, rapid densification. That is due to the high surface area, which normally
leads to a high rate of reaction. Therefore, generally, the particle size of the compacted
powder plays an essential role in producing high-sintered density products using
powder metallurgy technique if required.

To sinter a mixture of more than one type of compacted powders using the liquid
phase sintering, the heat treatment should be at the lowest melting temperature powder,
and make sure that the “sweating” phenomenon does not occur. This condition is shown
by the existence of droplets of the supposed element to be melted at the chosen sintering
temperature. If this happened, no liquid phase sintering can occur.

2.5. Sintering Density

The density of the products after sintering is usually compared with the theoretical
density of the basic element, alloy, or compound. Reaching the maximum value of sintered
density is normally considered as a criterion of the quality of the sintered final products.
The sintered product density depends on many parameters of sintering, such as powder
types, either ductile or hard, the ratio of L/D, the particle size range of the compacted
powder, sintering temperature and time, sintering atmospheres, and the cycle(s) of the
heat treatment. The sintered density of the final product is normally compared with the
theoretical density of the starting materials. Therefore, reaching the maximum value of
sintered density in contrast with the theoretical one is considered as a criterion of the
sintering quality unless otherwise required, such as when a porous structure is needed.

2.6. Length to Diameter Ratio (L/D) of Compacted Part

The green density homogeneity is dependent on the geometrical dimensions of com-
pacted pieces, such as the ratio (L/D) [25]. Generally, when this ratio decreases, the green
density becomes high and more homogenous. The result can be justified due to frictional
forces that are developed during the compaction action between the die wall and the used
powder. This factor is very important to be considered for obtaining almost uniform green
density and then sintered density as a result. In principle, the lower the value of L/D, the
more homogenous and high sintered density.

3. Material and Instruments

Lumps of galena ore were purchased from the local market in Amman. Scanning elec-
tron microscopes (SEMs) (Thermo Scientific Phenom Desktop SEM, JU-24112022, Waltham,
MA, USA, and Inspect F50-FEI Company, Eindhoven, The Netherlands) were used for
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microstructure and chemical analysis using the energy dispersive X-ray (EDAX) analysis
that is fitted with the Thermo Scientific SEM. Emery papers of grades 600, 800, 1200, and
2000 were used for gentle grinding as required. Different particle sizes of diamond paste of
7 um, 3 um, and 1 pm were used for the final polishing. A digital micro-balance (Model SEJ-
205, Taipei, Taiwan) was used for high-accuracy weighing. A test tube of 25 mL was used
for as-received galena ore density determination by water displacement. High-precision
dimensions measurements were carried out using a digital caliper with a minimum reading
of 0.01 mm (Total, TMT 322001, Guangzhou, China) for green and sintered densities deter-
mination. X-ray diffraction (Malvern Panalytical, Aeris, Cu k1, 0.15406 nm, 0.01 step angle,
20 ranged from 10° to 90°, Almelo, The Netherlands) was used to identify the phases in the
as-received galena and in the produced sintered pieces. A vibrating milling machine with a
vibration frequency of 3000 min ! (TEMA, Woodford Halse, UK), which contains tungsten
carbide multi-rings with central tungsten core, was used to produce fine powder within a
short time prior to the sieving process by different hole-size stainless steel sieves of 250 um,
125 um, 63 um, and 38 um. Compaction of the produced galena powders with various
particle sizes was compacted using a homemade single-end die compaction unit coupled
with a CARVER press (model 4350.L, S/N 4350-1401, CARVER, INC., Wabash, IN, USA).
After compaction, sintering of the green compacted galena was conducted using (Protherm
alumina tube furnace, Model PTF 12/50/450, serial No. 0907234, Turkey) integrated with
home vacuum-gas fittings for clean-vacuum heat treatment. A rotary pump (Bs. 24008-G,
rpm 1425, GEC Machines LTD, Newcastle, UK) was used for vacuum purposes as required
at about 1073 torr, as well as argon gas inlet for pre-flushing. Also, the microhardness of
the as-received galena and sintered samples was determined using Micro Vickers Hardness
Tester (MVHS), Mod/HTMV 2000M, SN /20190000187, echo LAB, Milan, Italy). The general
properties of galena ore are metallic, opaque, bright-grey, very brittle, main elements Pb
and S, mainly PbS compound cubic crystal structure with cell parameter a = 5.9362 A,
perfect cleavage {111}, common impurities Ag, Cu, Fe, and Bi, Vickers hardness 79-104 HV,
and density in the range of 7.4-7.6 g/cm? [26,27].

4. Experimental Procedure

The research project started with making a general implementation plan. The flowchart
of the experimental procedure is schematically shown in Figure 1.

Microstructure study of » Milling using the TEMA # Powder particle size separation » Microstructure
the as-received galena

Milling machine using diff. hole-size sieves study, and XRD

Microstructure
study, and XRD

@ Sintering of 250 pm and 38 pum, - Green density @ Compaction wi_th different
350MPa, 800°C, 1h, vacuum determination Comp. Pres. 200, 250,300,350 MPa

Sintering of compacted sample 63 pum, = Sintering of compacted sample 63 um, Sintering of compacted sample 63 pum,
350 MPa, diff. temp., 1h, vacuum »

350 MPa, 700°C, diff. time, 1h-4h, vacuum. diff. Pres., 700 °C, 1h, vacuum

- Microstructure - Sintering of compacted L/D samples 63
study, and XRD um, 350 MPa, , 700 °C, 1h, vacuum

Figure 1. An experimental overview flowchart plan from raw galena lumps to final products.
The experimental plan was implemented as follows:

4.1. SEMs Investigation of the Galena Ore

The as-received galena lump was examined using the Thermo Scientific SEM. The
advantage of using this instrument is due to the coupled EDAX unit, which facilitates the
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chemical composition analysis together with the microstructure. Figure 2 is a photograph
of four as-received galena lumps.

Figure 2. A photograph of the as-received galena lumps.

A fractured surface specimen from the received galena was chosen as almost a semi-
flat surface for an easy SEM examination. The selected specimen, which had an area of
approximately 1 cm?, was well-washed with acetone and then dried. The specimen was
then fixed on an aluminum stub 12 mm in diameter using a double adhesive carbon sticker,
so the specimen must be earthed with the SEM specimens’ stage to be ready for chemical
analysis by the EDAX unit and imaging. Moreover, the SEMs were used to investigate the
surface of the milled galena powder as well as the sintered products. The fractured surfaces
of sintered pieces were prepared in the same way above for the SEM test.

4.2. Milling of Galena Lumps

Powder of PbS from galena bulks was produced using the Vibrating milling machine.
Many Galena lumps were mechanically crushed into small pieces of approximately 0.25 cm
in diameter and then dry milled for 5 min under a normal atmosphere. The produced
powder was sieved using the stainless-steel micro-sieves of 38, 63, 125, and 250 um hole
size in decreasing order. The obtained four types of PbS powder from galena ore were
as follows: 38 um and less, 63 um to greater than 38 um, 125 um to greater than 63 um,
and 250 um to greater than 125 um. For easy dealing with particle size factors, they are
denoted as 38, 63, 125, and 250 pm galena powder particle size. The SEM micrographs of
the sieved powders with various sieve hole-size were imaged for particle size distribution
information, general microstructures, and feature comparison purposes. Each specimen of
the four powders was prepared by pressing the aluminum stub with a double adhesive
carbon sticker on a small amount of the targeted powder. The powder that was not well
stuck to the carbon sticker was then disposed of using a low-pressure air blower to avoid
contamination of the SEM chamber, and then the prepared specimens were examined.

4.3. Compaction and Sintering of Galena Powders and the SEM Characterization of
Sintered Products

All compacted and sintered samples were duplicated, and their green and sintered
densities were the average of the two samples. The samples were compacted using a
homemade single-die compaction unit integrated with a CARVER press, as mentioned in
Section 3. Each compacted sample was left approximately 2 min. after reaching the required
pressure before gentle ejection from the die. The green density (GD) and sintered density
(SD) of each compacted and sintered sample were determined using the digital caliber
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to find the sample volume, and its mass was measured using the digital micro-balance,
and then finding their densities (density = mass/volume). All obtained data were drawn
using the Origin drawing software (version 8.6). Sample compaction and sintering were
conducted as follows:

e All sintering processes of compacted samples were carried out under a vacuum of
approximately 1073 torr. To start the sintering with as clean an atmosphere as possible,
the procedure to prepare the used furnace was evacuated to the vacuum above, and
the argon gas was pumped several times while the evacuation continued. Then, argon
was flushed out, and the vacuum was set to reach 1073 torr again prior to the sintering
step according to the research plan. The rate of heating was around 10 °C/min. for all
sintered samples, and the samples were furnace-cooled to room temperature at a rate
of cooling of approximately 2.5 °C/min as a mean value. All sintered samples were
doubled to take the average of green and sintered densities.

o  The first attempt at compaction was at a pressure of 300 MPa to produce four samples
using the homemade single-die compaction unit, two of each 38 um and 250 pm sieved
galena milled powder. The samples were then sintered at 800 °C for 1 h under vacuum
to find out the nearest suitable sintering temperature for galena powder. The result
showed the formation of a yellow powdery layer, which was then analyzed using the
SEM. Thus, the subsequent sintering temperatures were less than 800 °C. The two
sintered samples of 38 um and 250 um were photographed for comparison purposes
to show the difference in their features after sintering.

e  Compaction of sieved powders was continued as required. Four compaction pressures
200, 250, 300, and 350 MPa were utilized on the 63 um galena powder to realize the
effect of compaction pressure on GD and consequently on SD products as a result. The
produced green bulks were sintered at 700 °C for 1 h to find out the highest SD with
regard to compaction pressure, to be adopted in the subsequent sintering stage. The
highest SD was at a pressure of 350 MPa, where the result was graphed.

e A compaction set of the four-milled galena powder of 38, 63, 125, and 250 pm with
constant pressure of 350 MPa was carried out for particle-size effect on GD and SD of
finished pieces. The green compacted samples were sintered at 700 °C for 1 h in the
same sintering condition above, and the result was plotted.

e A group of compacted samples of 63 um powder at a constant pressure of 350 MPa
was sintered with different temperatures of 550, 600, 650, and 700 °C for 1 h to realize
the change in the SD with sintering temperatures. The SD of all cases was graphed as
a function of sintering temperature and relative sintered density (RSD%), where the
obtained SD values were treated according to the following equation:

SD

galena

RSD% =

x 100 )

where Dggjen, is the as-received density of the used galena determined by the water dis-
placement method.

e Also, the SD with respect to sintering time of 0.5, 1, 2, and 3 h at a constant sintering
temperature of 700 °C and constant pressure of 350 MPa was investigated, and the
result was plotted with the RSD%.

e Finally, a set of compactions at a pressure of 350 MPa using 63 pm powder was
conducted to report the effect of the L/D ratio on the GD and SD.

SEM and XRD investigations were carried out after sintering for microstructure and
chemical analysis to interpret the obtained results. For the SEM, fracture surfaces of some
sintered specimens were well stuck on the double adhesive carbon tape that is already
fixed on aluminum stubs to be ready for the test. The specimens did not need coating with
a thin conducting layer, such as gold, platinum, or carbon, as they are semiconductors and
will be already earthed with the SEM stage.



Metals 2024, 14, 439

8 of 22

4.4. Vickers Micro-Hardness Measurement for the As-Received Galena and Sintered Product

Vickers micro-hardness measurement for the as-received sample and sintered one of
38 um that is compacted at 350 MPa and sintered at 700 °C for 1 h was carried out using
the Micro Vickers Hardness Tester listed in Section 3. The samples were ground by emery
papers ranging from 600 to 2000, with a rotation of 90° when switching from one paper
to another after well cleaning with alcohol between grinding steps. The ground samples
were then polished using the diamond pastes of 7, 3, and 1 pm in sequence with good
cleaning after each stage of polishing. The process of grinding and polishing was essential
to obtain a smooth surface ready for the macro-hardness test. The hardness values were
then tabulated with the applied load.

4.5. X-ray Diffraction (XRD) Test

The XRD examination for three samples was conducted using the X-ray system men-
tioned in Section 3. The investigated samples were as follows: one of them is a milled
galena powder of 38 um, the other one is a powder of milled sintered pellet of 38 um at
700 °C for 1 h, and the third one is a powder of milled sintered pellet of 38 pm at 800 °C
for 1 h. The aim of these tests was to distinguish their patterns for compression purposes
and new phase findings. The determination of phases and other analyses were carried out
using the XRD HighScore Plus software, version 5.2 (Malvern Panalytical, Almelo, The
Netherlands) and gathered in one figure for comparison purposes.

5. Result and Discussion
5.1. Microstructure and Chemical Composition of the As-Received Galena

It is necessary to note that the fractured nature of galena ore is very brittle and easy
to break. The fracture surface was preferred to be semi-flat for good SEM microstructure
and chemical analysis. The SEM examination exhibited that the features of the as-received
galena show 90° cleavage fractures as displayed in Figure 3a. The EDAX investigation
confirmed that the general chemical composition of the used galena was almost an inorganic
PbS compound with 1.05 wt.% of carbon and 0.82 wt.% of oxygen (Figure 3b). According
to the SEM instrument’s manufacturer, the accuracy of the elemental analysis by the EDAX
is about 1 wt.%, and the sensitivity is approximately 0.1 wt.% for all detected elements.
Meanwhile, the EDAX was used to identify the black spots that spread in the microstructure
(Figure 3c), and it turns out that these spots are C-rich and O-rich (Figure 3d). The carbon
presence in the general analysis of galena, which appears to be concentrated in a certain
phase, came from the galena ore used initially.

Figure 4 displays an SEM image of the PbS matrix phase in addition to its EDAX
spectrum and chemical analysis table. The EDAX result confirmed that the matrix phase of
the as-received galena is a PbS compound with 13.56 wt.% of S and 86.44 of Pb, which are
comparable with the theoretical values of S and Pb elements in this compound of 13.4 wt.%,
and 86.6 wt.%, respectively. This is an encouraging result in relying on galena with a high
concentration of lead sulfide phase as a source of this compound for practical applications.
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Figure 3. SEM micrographs (SEI) and their EDAX spectra with inserted elements tables for fracture
surface of galena lump, (a) General features, line scale 200 pum, (b) the EDAX information of (a,c) higher
magnification, line scale 30 um, (d) the EDAX details of the blue square inside the inclusion in (c).
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Figure 4. SEM fracture surface micrograph of as-received galena with its EDAX details, (a) BSI image,
line scale 50 pm, (b) the EDAX result of the blue square of the PbS phase.
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5.2. Investigation of the Milled Galena

The time of milling using the high-speed vibrating milling machine was around
5 min, which is relatively short because of the high efficiency of the milling machine. The
disadvantage of this machine is that it needs a large quantity of material because of its large
milling capacity. The starting galena lumps and the milled powders after using the four
stainless-steel micro-sieves are shown in Figure 5. It can be observed that the nature of the
powder produced for each sieve is different by color and pourability. The finer the powder,
the darker its color; because of that, light reflection is less for finer particle size compared
with larger particle size powders.

250 pm 125 pm 63 pm 38 um

Figure 5. Galena lumps with sieve-produced powders using four types of sieves.

Figure 6 shows the SEM micrographs at the same magnification of 1000x for the
four-range particle size of galena powder for a direct comparison of the particle size change
after milling and sieving. It can be seen from the figure that the particle size range becomes
narrower as the sieve hole decreases (Figure 6d). This case occurs upon the milling of brittle
materials, such as the galena ore.

Figure 6. SEM micrographs (SEI) for the four produced sieved powders at the same magnification,
1000, line scale 150 um for all, (a) 250 um, (b) 125 um, (c¢) 63 um, and (d) 38 um.



Metals 2024, 14, 439 11 of 22

High magnification and resolution SEM micrographs were taken to assess the mi-
crostructure and surface morphology of the sieved powder. Figure 7 shows four different
magnifications for the 38 um sieved powder. A wide range of particle sizes of approxi-
mately 5 um to less than 0.6 pm and very few large particles (>25 um) can be identified.
This result of a wide range of particle sizes and irregular particle shapes is expected for high
brittleness alloy milling. For the 10,000, particles of diameter equivalent to approximately
500 nm can be calculated, which exists in the sieved powder of 38 um, and the largest
particle size is about 25 pm as shown in the 2500 x magnification. Also, the images of
40,000x and 80,000 x confirm that the commercial galena large grains originally consisted
of nanocrystals of 130 nm on average.

g HV ;pct | det
6.00kV|3.0 IETD|1 \M 112 1 S ETD[11:27:45 AM |12.9 mm [The University

270

mag O |mode| HV |spot|det| 2/20/2024 ) HV |[spot| det | 2/20/2024 | WD
40000x| SE |500kV| 25 |ETD|11:30:49 AN Jordam - 500kV| 25 |ETD[11:32:02 AM |12.9 mm T f Jordam - SE

Figure 7. SEM micrographs (SEI) of 38 um sieved galena powder at different magnifications,
(a) 2500, (b) 10,000, (c) 40,000, (d) 80,000 .

Obtaining a fine powder within a short milling period of 5 min. When using the high-
vibration milling machine, it is attributed to the high brittleness characteristic of galena and
the high milling efficiency of the machine. Generally, in powder metallurgy, compaction
of a wide range particle size leads to high green density compared to the narrow range
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particle sizes powder and vice versa. Because the voids between the large particles will
be filled with the small ones, as we will see when determining the green densities of the
compacted products.

5.3. Sintering of Galena Powder, Green and Sintered Densities, and Microstructure
5.3.1. Sintering at 800 °C under Vacuum and the SEM Investigation

The photograph of the first run of sintering at 800 °C for 1 h under vacuum for two
particle sizes of 250 pm and 38 um is shown in Figure 8. The result was forming a yellow
powdery layer on the sample of 38 um, while a mottled layer close to white color was
formed on the one of 250 pm. Table 1 summarizes the masses of sintered samples before and
after sintering, which were compacted at 350 MPa. The results indicated mass redaction
after sintering, which means that evaporation took place during the heat treatment at
800 °C. The averaged mass reduction of the 38 um and 250 um sintered powders were
about 0.04 and 0.02 g, respectively. The reason for this result is due to the big particle size
difference between the two cases. As expected, the smaller the particle size, the greater the
reactivity during the sintering stage.

Figure 8. As-sintered galena powder of 250 pm and 38 pum at 800 °C for 1 h under vacuum.

Table 1. Details of duplicate compacted and sintered samples with a compaction pressure of 350 MPa.

Sample Mass I?efore Mass after Sintering Mass Reduction (g) Sint. Condition
Sintering (g) (g
38 um 33611 33221 0.0390 800 °C, 1 h, vacuum,
38 um 3.4391 3.3970 0.0421 rate of heating:
10 °C/min., rate of
250 pm 3.54281 3.5066 0.0215 cooling to room temp.:
250 um 3.4104 3.3906 0.0198 2.5 °C/min.

The SEM images of sintered samples of 250 pm and 38 pm at 800 °C for 1 h with
their EDAX spectra confirmed that the surface layers were both crystalline structures, as
shown in Figure 9. It is clear from the figure that the grain size of the 250 pm sample
surface is smaller than that of the 38 um sample by approximately 50%, and their chemical
compositions are shown in the inset tables in the figure. The reason for this result is probably
due to the existence of much fine particle size powder in the sample of 38 pm, which in turn
leads to easy segregation and agglomeration at the surface during the sintering process
and hence forms larger grains. The forming of the yellow layer on the 38 um sample may
be due to the forming of yellow PbO compound and PbSO4 compound because of the
decomposition of lead sulfide and the ions of Pb and S react with very little available O
element in the starting material as was shown in Figure 3c. However, it seems that the
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quantity of the PbO was higher than the PbSOy, which is a white compound; thus, the
yellow color became dominant for the formed layer on the 38 um sample. The fine particles
of the 38 um powder help to ease decomposition. The color of the 250 um surface layer was
white-speckled, which may be due to the forming of a PbSO, compound, that its texture is
a white crystalline solid. This topic needs more detailed and comprehensive future study.

(b) @

) Element | Element | Weight
Name | Symbol | Conc. %
| Ogen Y

©

14.40
Sulfur S 7.10
Lead Pb 78.50

W @

0 ) _ [10_~

' Element | Element | Weight
Name | Symbol | Conc. %

Carbon C 250
Oxygen (o) 9.81
Sulfur S 8.11
Pb 79.58
n ®
S
0 10

Figure 9. SEM micrographs (SEI) at the same magnification for sintered samples at 800 °C for 1 h
under vacuum with their EDAX spectra, (a) surface of 250 um sintered powder, (b) the EDAX of
image a, (c) surface of 38 um sintered powder, (d) the EDAX spectrum of image c.

The thickness of the yellow surface layer of the sintered 38 um sample was about
200 pum at the sintering condition at 800 °C for 1 h, as exposed in Figure 10. The figure con-
firms the ideal crystalline structure of the yellow layer as shown in the image (Figure 10b),
which was taken for an individual powder of this layer, and the average crystal diameter is
about 5 pm. The figure also proves that the phase beneath the surface layer is a crystalline
PbS compound. Figure 10a was taken for fracture of the compacted-sintered sample at the
sintering condition above to perceive the detail of the yellow layer formation.
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Figure 10. SEM images (SEI) for the sintered 38 um sample at 800 °C for 1 h, (a) the cross-section of a
compacted-sintered piece, (b) the individual yellow powder, (c) the fracture surface with the yellow
layer in focus, (d) the fracture surface with PbS phase in focus.

5.3.2. Green and Sintered Densities Feedback and Microstructure of Sintered Products

Green density (GD) is defined as the density of the compacted powder, and the density
after sintering is sintered (SD) density. Generally, increasing the compaction pressure
within the allowed limit, using a wide range of particle-size powder, and adding lubricant
materials leads to an increase in GD and subsequently increases the SD of the final product
unless otherwise required. The as-received galena density was determined using the water
displacement method and found to be approximately 7.41 g/cm?3, to be a reference for
GD and SD of galena powder products. Therefore, approaching this value is evidence
of the success of sintering in terms of compaction pressure, sintering temperature and
atmosphere, and time. The GD and SD of compacted and sintered galena sieved powder of
63 um with four different compaction pressures were geometrically calculated and drawn.
Also, the GD and SD of a compacted and sintered set of four samples at constant pressure
with four particle sizes of 38, 63, 125, and 250 um were evaluated. The two cases were
sintered at 700 °C for 1 h under vacuum, and their result is displayed in Figure 11. It can
be concluded from part (a) of the figure that the SD reached a steady state, that is, about
7.36 g/cm? at a pressure of 300 MPa and above at 700 °C sintering temperature for 1 h in
the vacuum atmosphere for 63 um galena powder. This value is approximately 99.3% of the
as-received galena lump density (7.41 g/cm?) when using Equation (1), which is a superior
result using the powder metallurgy production route.

3
SD 100 — 7.36g/cm

RSD% =
? alena 741g/cm3

% 100 = 99.3%
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GD and SD (g/cm?)
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Figure 11. Green and sintered densities (GD and SD), (a) as a function of compaction pressure with
the same sintering temperature at 700 °C, 1 h, under vacuum, 63 um sieved galena powder, and
(b) as a function of particle size, with the same compaction pressure and sintering conduction.

Furthermore, part (b) of the figure indicates that the GD increases with particle size
increasing, while the case is reversed for the SD. This outcome is probably due to the wide
range of the 250 um compacted powder, which already leads to higher GD at constant
pressure (Figure 6a,d), in addition to discussing this condition in Section 2.1. The GD
increases with the increasing particle size range, as the small particles of the compacted
powder will fill the vacancies in between the large ones, which subsequently leads to higher
green density. However, in the case of the 38 um sample, the SD is directly proportional
to the particle size reduction. This result is expected because the sinterability increases
with particle size reduction, which, in turn, increases the surface area of sintered powder in
general. In addition, the SEM showed perfect images of the PbS phase for a 63 um sintered
pellet at 700 °C for 1 h as an example for the sintered product, as shown in Figure 12.
Generally, the feature of the PbS phase is similar to the staring galena PbS phase, but the
grain size is smaller compared with the staring galena bulk (Figure 3). It is also noted that
colonies of small grains exist that are sintered in a different way, as seen in images (c and d).
It is believed that these colonies resulted from the sintering of very small galena particles,
which are already formed as a result of extremely brittle milled galena ore.

Figure 13 illustrates the result of two runs of 63 um powder sintering to study the SD
as a function of sintering temperature and time with a constant compaction pressure of
350 MPa together with their RSD%. From it, it can be realized that the sintering temperature
plays a vital role in the sintering process for reaching the highest SD within the range limit
of sintering treatment. The maximum SD was at 700 °C for 1 h, as seen in part (a) of the
figure. The sintering with respect to time showed that the maximum SD was obtained after
one hour or more, as shown in part (b) of the figure. This sintering temperature of galena
powder is about 63% of the melting point of pure PbS compound (1114 °C), which is an
encouraging result as the sintering temperature generally starts at about 70% of the melting
point of any sintered powder in solid state sintering condition. The time of sintering is also
very important for getting the highest SD when determining the sintering temperature. The
process is experimental until the ideal state for the sintering process is reached in a regrade
of temperature and time for a certain powder. In addition, sometimes, post-sintering
treatment is very important to improve the physical properties of powder metallurgy
products, especially in the case of liquid phase sintering [28]. Increasing the sintering time
more than enough may change the properties of the final product. Therefore, the sintering
temperatures and times must be studied extensively to obtain the desired result.



Metals 2024, 14, 439 16 of 22

Figure 12. SEM fracture surface micrographs (SEI) of the sintered sample of 63 um galena powder
with different magnifications and areas. The compaction pressure is 350 MPa and the sintering
temperature is 700 °C for 1h in vacuum. The magnification value is (a) 5000 %, (b) 10,000 %, (c) 6000 %,

(d) 24,000 .
100 100
TAFT T T T TAFET T T T T T
(a) (b)
73| 1o 73| / Joo
72| 72[ /
71} 1% 71L 98
5 7of 97 & "27-0- Jo7 2
6ok 21| Seol 2
Jos || = Jo6 &
3 es} % 68} 6
67} Jos 67} 95
661 =e=SD, vacuum, 350 MPa, 63 microns Jos 66 —e SD, 700 °C, vacuum, 350 MPa o1
65F | —= RSD %, mean GD 6.63 g/em3 651 ~o= RSD %, mean GD 6.63 g/em’
64 T v T r T v — 93 64L— T T T T — 93
550 600 650 700 05 1.0 15 20 25 30
Sintering Temp. (°C) Sintering Time (h)

Figure 13. Sintered density (SD) and relative sintered density (RSD %), (a) with the sintering
temperature at a constant sintering time of 1 h, (b) with the sintering time for sieved, both for galena
powder of 63 um with the recorded information in the figure.



Metals 2024, 14, 439 17 of 22

Figure 14 summarizes the study of GD and SD with regard to L/D ratios of compacted
samples of 63 um galena powder in the range of 0.24-0.71. Both the GD and SD gradually
decline with the increase of L/D, as expected and discussed in Section 2.6. Thus, it is highly
recommended to go for a low L/D ratio to produce high packing and homogenous green
density and obtain a high SD as a result when using the powder metallurgy technique. The
ideal condition for this process is to apply the appropriate compaction pressure with no
defect during the ejection action from the die of compaction.

75+ 75
F—
@ . o P : : s )
7.0 7.0 —3
g 651 “g 65
L \ 5
& ®
Q 601 o 6.0 -
» ' ; a
T 554 ¥ ) & W T 55 ]
< o
a > o
O 5.0 Increase L/D O 50 * SD
] *» GD
45 ——SD, 700 °C, 1h, vacuum 45 Fit curve of SD
——GD, 350 MPa, 63 microns Fit curve of GD
4'0 T v T v 1 ’ 1 v ] ’ T r T v T r 1 r T 4.0
T T T T T T T T T T T T T T T T T T T
025 030 035 040 045 050 055 0.60 065 0.70 025 030 035 040 045 050 055 0.60 065 0.70
L/D L/D

Figure 14. (a) GD and SD against L/D ratio, 350 MPa compaction pressure for 63 um sieved galena
powder, sintering at 700 °C for 1 h under vacuum, (b) Fit curves of GD and SD.

In addition, curve-fitting and inferring their linear equations was performed using the
graphical Origen software, version 8.6 (Northampton, MA, USA. Table 2 summarizes the
general equation of GD and SD as a function of L/D with the predicted parameters when
applied to determine GD and SD according to their production condition. The following
are the calculation equations of GD and SD according to the obtained data in Table 2:

GD = A + bx = 6.64651 — 0.6517x @)

SD = A + bx = 7.47494 — 0.4794x 3)

where x is the value of L/D of the compacted sample. The experimental results of GD and
SD were in good agreement with the feedback of the equations above. The slope of the SD
curve is less than that of the GD curve because the volume of the sintered sample decreases
during sintering while its mass mostly stays constant.

Table 2. The equation of GD and SD with respect to the L/D ratio and its parameters for each case.

Equation: y = a + bx

Parameter Value Standard Error
Intercept 6.64651 0.03170

GD Slope —0.65170 0.06312
R-Square 0.95528 -
Intercept 7.47494 0.02590

SD Slope —0.47940 0.05156

R-Square 0.96351 -
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It is very important to mention that the maximum compaction pressure to obtain a
high green density depends on the compressibility of the compacted powder, adding some
lubricant to the compacted powder, particle size range, and the L/D ratio. Also, higher
pressure than required leads to green products breaking during the ejection process from
the die due to the high residual strain condition. Normally, the hard material powder is
not easy to compact at high pressure, and vice versa. So, the compaction of a new powder
needs to apply gradual pressure until it reaches the maximum value with no damage to the
product during the ejection stage. In the case of needing a porous structure product for a
certain application, it is possible to use low pressures according to the required porosity, and
this is typical experimental work. Very significant information about powder metallurgy
and its various applications has been reported [17,29-31].

5.4. Micro-Hardness Result of the As-Received and Sintered Product

The micro-hardness of a product reflects an idea of the change in its properties as a
result of a physical action performed on it, such as milling and sintering. The measurement
of the micro-hardness that was carried out on the as-received galena and sintered sample
of 38 um gave a mean value of approximately 80.52 and 42.25 MHYV, respectively. Table 3
includes five values of each sample and their mean values. The micro-hardness of the
sintered sample is about 52.5% of the as-received galena ore micro-hardness. The standard
deviation of the as-received galena bulk is almost twice of the sintered powder of galena,
which is the expected result as the sintered sample has a more relaxed and homogenous
structure than that of the natural galena ore. The reason for this reduction in the hardness
of the used galena is due to the stress relief, which is usually conjugated with materials and
heat treatments as an inevitable result in general. According to the specification of the used
instrument, the percentage of the error is 2%.

Table 3. Micro-hardness measurements for the as-received galena and sintered sample of 38 um
galena powder, 700 °C, 1 h.

MHV MHV

As-Received Sintered Sample Used Load
83.23 43.55
79.45 40.93
81.67 42.98
80.91 41.70 08N
77.34 42.09
Mean value 80.52 Mean value: 42.25
Standard deviation: 2.00 Standard deviation: 0.93

5.5. XRD Investigations

The XRD patterns for the as-received galena powder, sintered pellet powder of 38 pm
at 700 °C for 1 h in a vacuum, and 38 um sintered pellet powder at 800 °C for 1 hin a
vacuum are shown in Figure 15. The patterns of the as-received and the sintered one at
700 °C are similar, and all peaks belong to the PbS compound except one peak in the 700 °C
curve, as analyzed by the supported x-ray system program mentioned in Section 3. This
result confirmed that the sintering process was successful in maintaining the PbS phase as
it was in the as-received powder after sintering. This confirms the possibility of producing
sintered pieces of PbS compound for practical uses starting from a high PbS compound
ratio galena ore.
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® PbO (PbSOy) —— Galena, sintered at 800°C, 1h
— 1 Of ]
¢ PbSO, (PbO), Galena, sintered at 700 °C, 1h

—— As-received galena
All rest peaks of the three
curves are PbS
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20 (Degree)

Figure 15. XRD patterns as detailed in the figure for galena powder of 38 um particle size.

The XRD characteristics of the tested samples are summarized in Table 4 using the
space group Fm-3 m, reference code 96-900-0002 for galena analysis and 96-154-2231 for the
second phase analysis. The lattice parameter of the as-received galena powder refers to the
PbS phase in all samples, and their unit cells are almost similar to the values reported in
the literature [32-34]. The trace second phase in the sample of as-received and the sintered
one at 700 °C is a monoclinic compound of PbO (PbSO4). Nevertheless, the pattern of
800 °C reveals the formation of a mixture of monoclinic PbSO4 (PbO);. The PbO compound
(yellow color) in the 800 °C sample is twice the 700 °C sintered one, which dominates
the yellow color to the surface layer of the 800 °C sample because the color of the PbSO4
compound is white. Also, the EDAX test for the yellow layer that formed on the surface
of the 38 um sintered sample at 800 °C confirmed the existence of Pb, S, and O elements
as discussed in Section 5.3 (Figure 9), which supports the result of the XRD investigation.
Furthermore, the goodness of fit for all cases is low, which supports the work accuracy.

Table 4. The XRD characteristics and analysis of the as-received and sintered samples.

Sample Goodness of Fit Phase wt.% Crystal Lattice
Structure Parameters
PbS 98.9 Cubic a =5.93542
As-received galena 1.1526 a=14.16136
PbO/PbSOy4 1.1 Monoclinic b =5.60205
c=7.20988
PbS 98.5 Cubic a=>5.93471
Galena-sintered a =13.75149
o 1.197
700°C,1h PbO/PbSO4 1.5 Monoclinic b =5.69768
c=7.07152
PbS 81.3 Cubic a =5.93535
Galena-sintered a=7.18478
o 1.550 ’
800°C,1h (PbO),/PbSO, 18.7  Monoclinic b =5.78746

c =8.05508
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6. Conclusions

The microstructure and chemical analysis of the as-received galena, milling, and
classification of the milled powder, compaction, and sintering at different conditions,
followed by microstructure and XRD analysis, microhardness for the as-received and
sintered samples, were investigated. The research focused on studying the locally available
galena, which was found to be highly enriched with the PbS compound. The results can be
briefed as follows:

e  The microfracture and chemical analysis were well investigated, and proved that the
as-received galena was found to be mostly a PbS compound.

o  The processes of compaction and sintering in a vacuum were very successful in
producing perfect PbS pellets.

e Atacompaction pressure of 350 MPa and a sintering temperature of 700 °C for 1 h, the
results confirmed reaching a high RSD% of approximately 99.3%, which is excellent in
the case of solid-state sintering upon using the powder metallurgy route.

e  After sintering, SEM and XRD investigations confirmed maintaining the PbS phase as
it was in the as-received starting galena.

e  After sintering at 800 °C for 1 h, yellow and white colored layers were formed on the
surface of the 38 um and the 250 pum sintered pellets, respectively.

e  The micro-hardness measurement showed a sharp reduction of about 52% in the
hardness of the sintered 38 um sample in comparison with the as-received galena.

e  The ratio of length to diameter (L/D) of compacted and sintered samples was studied,
and the result indicated that the GD and SD decrease as the ratio increases.

Overall, we demonstrated that galena ore with a high content PbS phase can be used
to produce the semiconductor pieces of PbS employing the powder metallurgy method in a
vacuum atmosphere. Sintered products can be used according to the desired shapes, as the
powder metallurgy route provides precise control over the sizes, chemical compositions,
and product shapes.
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