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Innovation Science Development Center (INRC), AD Harbi Ltd
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ABSTRACT

The work aims to design a pyrophyllite-modified carbon paste electrode for pesticide detection in
aqueous solutions. The structural and morphological characterization of natural pyrophyllite clay
for Parsovi¢i mine, Bosnia and Herzegovina, and mechanically modified pyrophyllite was
performed using X-ray diffraction analysis (XRD), scanning electron microscopy (SEM), Fourier
transform infrared spectroscopy (FTIR) and particle size analysis (PSD). The electrochemical
characteristics of the constructed electrode were investigated using cyclic voltammetry in 1 mM
K4Fe(CN)sin 0.1 M KCIl and 0.5 M H>SOy and differential pulse stripping voltammetry in Britton-
Robinson buffer at pH 2-8. It was shown that the maximum at + 0.96 V versus Ag/AgClI originates
from oxidation by carbendazim at pH 4 in the Britton-Robinson buffer. The electrode designed in
this way showed numerous advantages such as good stability and sensitivity. The developed
analytical method is linear over the range of 1 ppm to 10 ppm with r=0.999 and a detection limit

of 0.3 ppm.

1. INTRODUCTION

The crystal lattice of 2:1 phyllosilicate mineral pyrophyllite consists of an octahedral sheet
of AlO4(OH) located between two SiO4 tetrahedral layers. The bonds between layers are
weak van der Walls [1-8], so the layers can easily slide over each other. Pyrophyllite can
be used in porcelain, building materials, fire-resistant material, insecticide, textiles,
detergents, cosmetics, and as the filler for rubberizing, papermaking, painting, etc. [2,9-15].
Different applications of pyrophyllite starting from various types of ceramics including
refractories, enamels, and ceramics membranes [9,10,1,17] to heavy metal and organic
pollutant adsorbents [16-20] require different modifications methods [1-22]:

1. ion exchange with inorganic and organic cations and cationic complexes;

2. reaction with acids;

3. pillaring by different types of poly- (hydroxo metal) cation;

4. dehydroxylation and calcination, delamination and reaggregation of clay minerals;
One of the possible methods of modification is mechanochemical activation (MCA). MCA
is an environmentally friendly green chemistry method that introduces structural disorder,
reduces particle size, and increases of chemical reactivity of material [21-23]. It has been
shown that in contrast to the high chemical stability of pyrophyllite, mechanochemically



activated pyrophyllite and its ores result in noteworthy structural distortion and reduction
of particles and crystallite size [1-5,7,8,18,11,21,24-28]. Therefore in this work, we suggest
the use of MCA as a modification technique for pyrophyllite as functionalized material for
modified carbon paste electrode (CPE). CPEs are extensively used in the field of
electrochemical sensors due to the low cost of materials, simple sample preparation, low
background current, and wide potential window [29]. CPEs are a mixture of graphite
(carbon) materials, a binder (paraffin oil, silicone oil, or tricresylphosphate), and some
functionalization materials. Clay-based electrochemical sensors are used for qualitative and
quantitative analysis of various gases and components in aqueous solutions [30-36].
Previous research has been done on clays such as sepiolite, serpentinite, kaolinite, haloysite,
montmorillonite [31-36].

According to our best knowledge, there are no scientific studies related to the application
of CPE based on mechanically modified pyrophyllite in electroanalytical practice.
Therefore, we propose using pyrophyllite as the electrochemical active substance in CPEs
as a working electrode for detecting the carbendazim pesticide. Determination of pesticide
traces in food and water is of extreme interest since pesticides are highly toxic chemicals
with pronounced carcinogenicity and endocrine-disrupting effects.

2. EXPERIMENTAL PART

X-ray diffraction has been used to determine the phase composition of samples using
Rigaku Ultima IV, Japan). Crystallite size and lattice strain are calculated using XRD
profile analysis using the Williamson-Hall plot according to Eq. (1) [37]:

L cos(f) =2¢sin(0) + % (1)
where k = 0.9 is the shape factor and f is the corrected peak full width at half maximum
(FWHM) [33]

The g cos( ) is plotted as a function of sin( @), and a straight line is derived using the least

squares method with an intercept at 0.9 A/D and a slope of 2¢. Both crystallite size D and
lattice straine are calculated from equation (1). The qualitative analysis of samples was
performed on Thermo Scientific Nicolet 1S10 Spectrometer using attenuated total
reflectance (ATR) sampling technique. The surface modifications, the phase distribution
of the MCA -activated clays, material homogeneity, and morphology of the powder particles
were investigated by scanning electron microscopy (SEM) using model JOEL
JSM6610LV, manufacturer JOEL, USA) equipped with EDS spectrometer model BLACK-
Comet CXR-SR-50, manufacturer StellarNet Inc.). A Malvern 2000SM Mastersizer laser
scattering particle size analysis system has been used to obtain quantitative clay particle
size distributions. The Ag/AgCl electrode (saturated with KCI) was used as a reference
electrode, the platinum wire was used as an auxiliary electrode, and different types of
pyrophyllite-modified CPE with paraffin oil were used as the working electrodes.
Voltametric analyses were done on Gamry potentiostat Interface 1010E.

3. RESULTS AND DISCUSSION

Figure 1 shows XRD patterns of pyrophyllite ore (P-0) from the Parsovi¢i mine (Bosnia
and Herzegovina). The ore contain pyrophyllite, quartz, kaolinite, calcite, and muscovite.
Two major phases are pyrophyllite with characteristic reflections at 20 9.68 and 29.23 and
quartz at 20 20.94 and 26.74 [11]. Mechanical modification causes a noticeable increase in
the crystallite size of both quartz and pyrophyllite, thus indicating the presence of residual
stress in the crystal lattice as shown in Figure 2. After 15 minutes of mechanical milling
microstrain and crystallite size decreases.
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Figure 1. XRD patterns of pyrophyllite ore from the Parsovic¢i mine, Bosnia and Herzegovina
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Figure 2. Microstrain and crystallite size of Figure 3. Changes in geometric-specific
pyrophyllite samples milled from 0 to 15 surface area and particle size during
minutes mechanical milling

FTIR spectra are shown in Figure 4. The unmilled sample (P-0) showed a strong band at
3672 cm’! which can be assigned to OH vibration from Al-OH linkage [11]. At 1120 cm™,
a strong band is observed that can be attributed to Si-O stretching vibration. The bands at
832 cm™! and 943 cm! correspond to Al-OH bending vibration. The peak at 518 cm™ can
be assigned to Si-O-Si bending vibration. The vibration at 1616 cm™ corresponds to
bending the OH surface group [11]). The band at 802 cm™! corresponds to the characteristic
bands of silica [38]. The band at 754 cm™! indicates the presence of Si—-O—Al where Al is in
tetrahedral coordination. It also indicates that there is a possible presence of
sericite/muscovite minerals. The peak at 532 cm™! can be assigned to octahedral AlOg sheet
vibrations. The band at 1028 cm™ can be assigned to the intense Si—-O and Si—-O-Al
stretching vibrations, characteristic of aluminosilicates [9]. The band at 450 cm
corresponds to the bending of Si — O groups [39]. After 5 minutes of grinding, the bands at
779 cm! and 797 cm™! appear indicating the presence of quartz [21] and thus confirming
the results of XRD analysis. These vibrations are present even after 120 minutes of
grinding, indicating that quartz has a more stable structure than pyrophyllite [7]. After 15
minutes of grinding, the vibration at 1120 cm™ disappears indicating a breakdown of the
Si-O band, which means that the tetrahedral sheets have been destroyed. Also, after 60
minutes of milling, the bands at 3673 cm™!, 943 cm™ and 832 cm™! disappeared, as a result



of the release of OH groups from the Al-centered octahedrons. Therefore, the octahedral
sheets are damaged [11]. The intensity of the band at 518 cm™ decreases with increasing
milling time as a consequence of the collapse of the Si-O-Al band, resulting in a broken
link between the tetrahedral and octahedral sheets [11].

The differential pulse stripping voltammetry was used for the quantitative determination of
carbendazim. Based on the previous results [40,41], an electrode with a composition of
50P:50C was chosen as the working electrode, where pyrophyllite was mechanochemically
activated for a period of 15 minutes. Changes were monitored at pH 4 and 8.
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Figure 4. FTIR of pure and milled material from 0 to 15 minutes, P-O (O min), P-5 (5 min), P-10
(10 min), P-20 (20 min)

Figure 5 shows differential pulse voltammograms for the determination of carbendazim in
Britton-Robinson buffer at pH 4. (lower) and pH 8 (higher). The maximum occurs at + 0.96
V and 0.73 respectively. The maximum intensity increases with increasing concentration
of carbendazim [42]. The peak at around 0.5 V corresponds to the hydrogen evolution
reaction.

From peak maxima, we have obtained the calibration curves for carbendazim detection with
excellent linearity. The slope and intercept at pH 8 have the following values 0.40 and 8.85,
while at pH 4 are 0.31 and 9.22.

The results show that the sensor constructed in this way, carbon paste modified with
pyrophyllite where paraffin oil was used as the binding liquid, in Britton-Robinson buffer
shows excellent sensitivity and a low detection limit in the range from 1 ppm to 10 pm.
Kalijadis et al. used the method of differential pulse stripping voltammetry for qualitative
and quantitative detection of carbendazim, where a carbon paste electrode obtained with
nitrogen was used as the working electrode, while tricresyl phosphate was used as the
binding liquid [43]. Ashrafi et al. investigated a carbon paste electrode with tricresyl
phosphate as a binding fluid for the detection of carbendazim [44]. The influence of pH in



the Britton-Robinson buffer on pH in the range from 2 to 8 was also investigated. The
maximum oxidation of carbendazim was most intense at pH 4.
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Figure 5. Differential pulse voltammograms for the determination of carbendazim in Britton-
Robinson buffer at pH 4 (lower) and pH 8 (higher)
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Figure 6. Calibration curve obtained for a pyrophyllite-modified carbon paste electrode with
paraffin oil as a binding fluid for the detection of carbendazim in Britton-Robinson buffer at pH 4
and pH 8 in the concentration range from I ppm to 10 ppm

The influence of the presence of 2-hydroxypropyl--cyclodextrin on the electrochemical
behavior of carbendazim was also investigated. The detection was followed by the method
of differential pulse adsorptive "striping" voltammetry. It was found that the analytical
performance of the tricresyl phosphate carbon paste electrode could be improved almost



two-fold by the addition of the 2-hydroxypropyl-p-cyclodextrin modifier. Guo and co-
workers (Guo et al.) used cyclodextrin-graphene hybrid nanosheets as a material for the
electrochemical detection of carbendazim [45]. The effect of pH was investigated in the
range of 5 to 10 in 0.1 M phosphate buffer. At pH 7, the maximum oxidation by
carbendazim was the most intense, so the measurements were performed at this pH value.
Differential pulse voltammetry was used for carbendazim detection. The detection limit
was 2.0-10—9 mol/L, and the relative standard deviation was 4.67%.

4. CONCLUSION

Mechanochemically activated pyrophyllite was used for the construction of electrochemical
sensors. The microstructural and morphological characterization of the material was
performed by X-ray structural analysis, scanning electron microscopy, and infrared
spectroscopy with Fourier transform, and the particle size distribution was monitored by
the laser diffraction method. The response of the sensor was obtained by differential pulse
stripping voltammetry. Based on X-ray structural analysis, it was concluded that the
mechanochemical modification leads to a change in the crystal structure of pyrophyllite.
The particles change their morphology from lamellar to particles that do not have a
characteristic shape already after 5 minutes of grinding while the specific surface area
increases with the increase of milling time. Given that mechanical grinding causes the
amorphization of soft phases of pyrophyllite ore, further insight into the structure of the
material was provided by infrared spectroscopy with Fourier transform. It was shown that
after 15 minutes of grinding the tetrahedral structure (SiO4 plate) collapses.
Mechanochemically activated pyrophyllite was used to form a modified carbon paste
electrode. This electrode is part of the pesticide detection sensor. The electrochemical
properties of the obtained electrode were investigated by cyclic voltammetry and
differential pulse stripping voltammetry. It was also shown that the reactions at the
electrode are fast and reversible and that the electrode is stable. Differential pulse stripping
voltammetry showed that this electrode can be used for qualitative and quantitative
detection of carbendazim fungicides. The best results were obtained at pH 4, where the limit
of detection was 0.3 ppm, the limit of quantification was 1.03 ppm, and the residual
standard deviation was 2.3 %.
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ABSTRACT

We are currently witnessing the beginning of the global food crisis and disturbances in the fertilizer
market. On the other hand, on July 16, 2022, Regulation (EU) 2019/1009 of the European
Parliament and of the Council for laying down rules on the placing on the market of EU fertilizer
products establishes strict rules on the safety and quality of fertilizers and repealing Regulation
(EC) 2003/2003. The paper presents the modeling of process parameters of multifunctional
fertilizer, as a compound inorganic macronutrient fertilizer/liming material/soil improver, based
on pyrophyllite shale (pyrophyllite), deposits Parsovici, Konjic, BiH, enriched with dolomite, BiH
to achieve the formulation of Product Function Categories (PFC) in terms of the content of
secondary macronutrients (CaO and MgQO) accordance with Regulation (EU) 2019/1009. The
biological efficiency of the newly formulated fertilizer was tested through vegetation trials with
beets (Beta vulgaris var. Conditiva).

1. INTRODUCTION

Today, the world is facing a potential food shortage and fertilizers for plant nutrition. Some
projections suggest that fertilizer use may have to double to meet the demand for food until
2050. On the other hand, Regulation (EU) 2019/1009 of the European Parliament and of
the Council for laying down rules for the placing on the market of EU fertilizer products
and amending Regulation (EC) No. 1069/2009 and (EC) No. 1107/2009. The new (EU)
Regulation 2019/1009 repeals Regulation (EC) No. 2003/2003, 16" July 2022, and
establishes the wide quality, safety, and environmental criteria for “EU” fertilizers [1].
The new regulation provides strict rules on safety contaminants, pathogens, quality (the
content of nutrients), and labeling requirements for all fertilizers to be traded freely across
the EU. Producers will need to demonstrate that their products meet those requirements
before affixing the CE mark. EU fertilizing products are divided into different Product
Function Categories (PFC), which should each be subject to specific safety and quality
requirements, adapted to their different intended uses. In terms of safety, the new ones are
being introduced the limit values for contaminants in fertilizers (Cd, Pb, Ni, Cu, Zn, Hg,
As) and other potentially toxic elements and pathogens) [2].
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Facing the threatening deficiency of food and fertilizers and the strict requirements of
Regulation (EU) 2019/1009, we need fast and comprehensive solutions at the world level.
The aim of this paper is to define the parameters of obtaining a natural mineral
multifunctional fertilizer based on pyrophyllite from deposits in Parsovi¢i, Konjic, BiH,
enriched with dolomite, BiH whose quality and safety are in line with the requirements of
new regulations, which will contribute to reduced soil degradation, increasing biodiversity
and improving soil quality as a priority for achieving sustainable agriculture. The biological
efficiency of the newly formulated fertilizer was tested through vegetation trials with beets
(Beta vulgaris var. Conditiva).

1.1. Pyrophyllite

Pyrophyllite is a type of phyllosilicate mineral, from the group of layered silicates, based
on a combination of two tetrahedral (T) and one octahedral (O) plates, containing no
isomorphic substitution and therefore no layer charge. The basic 2:1 structure (T-O-T), with
silicon in the tetrahedral layer and aluminum in the octahedral layer, is pyrophyllite
(Al2S14010(OH)4). The basal surfaces where the interlayer space is devoid of the hydrated
counterions are hydrophobic, whereas edges resulting from the breaking of the sheets are
hydrophilic in aqueous solutions, due to the occurrence of OH groups (essentially silanol).
The sheets are held together only by weak van der Waals forces, which result in
pyrophyllite's softness (Mohs hardness is between 1 and 1.5). Furthermore, the pyrophyllite
has high density (2.7 and 2.9 gcm™), a relatively high cation exchange capacity (between
50 and 70 meq 100 g!), and a pH ranging from neutral to slightly alkaline, between 7.5-
8.5. Pyrophyllite has a neutral electromagnetic charge [3,4,5,6].

The unique properties of pyrophyllite, such as its structure it its adsorption capacity, and
ion exchange, have led to the use of pyrophyllite in agriculture as a soil regenerator and
increased fertility. Pyrophyllite is used as a carrier of fertilizers in agriculture, where it
improves the ability of the soil to retain nutrients and reduces leaching, and is an inert
pesticide carrier. Improves the efficiency of mineral fertilizers, and has the ability to release
tightly bound phosphates that already exist in the soil and make them available to plants.
Pyrophyllite has high retention properties which make them very useful in decreasing the
bioavailability of heavy metals in soils and preventing their inclusion in the food chain.
Pyrophyllite naturally contains micro and macronutrients such as K, Mg, Ca, Si, Fe, Zn,
Cu, P, and B essential for plant growth and development. This type of clay has a neutral pH
and acts as a buffer in soil conditions and an acidity corrector. Due to the listed
characteristics of pyrophyllite, the properties of the soil conditioner (regenerator) are
attributed to it. It contributes to the improvement of the physical, chemical, and
agrochemical properties of the soil. Improves soil structure, and permeability increases
cation exchange capacity, increases soil's ability to retain nutrients and reduces rinsing and
motility of heavy metals in the soil, improves the efficiency of mineral fertilizers, acts as a
buffer, and regulates soil pH. All of the above justifies the growing global interest in its use
to improve and maintain soil productivity in the function of sustainable agricultural
production [7,8,9,10].

Also, pyrophyllite application in the amount of 25% of recommended fertilizer rate can
reduce the use of mineral fertilizers in lettuce production without adverse effects on its yield
and quality [11], pyrophyllite application of 2200 kg/ha in combination with mineral
fertilizer NPK 15:15:5 in the amount of 0.8 t/ha confirmed a positive effect on cabbage
yield [12]. Watering of onion with the suspension of water and pyrophyllite and suspension
of water and enriched pyrophyllite with urea nitrogen compared to the control treatment
(H20) contributed to the increase in biomass of onion heads by 18.31% and 24.09%,
respectively (p<0.01) [9]. Pyrophyllite showed antibacterial properties against Escherichia
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coli, Staphylococcus aureus, and Enterococcus faecalis, and antifungal properties against
fungal pathogens (Fusarium oxysporum, Phoma glomerata, and Rhizoctonia solani). This
mineral can also be used for biological control of F. oxysporum in the soil for growing
potatoes [13]. Tribomechanically activated pyrophyllite converts a part of crystalline SiO»
into amorphous, which in soil solutions converted to silica acid available to plants that are
thought to contribute to plant biotic and abiotic stress tolerance [14].

2. EXPERIMENTAL

This phase included modeling of optimal process parameters required for obtaining a
multifunctional fertilizer, PiroFert (working title), based on composite pyrophyllite
enriched with dolomite, in order to comply with the requirements of EU regulation
2019/1009.

The starting raw materials are pyrophyllite shale (pyrophyllite) (Al2Si4010(OH)4) from
deposit Parsovi¢i, Konjic, BiH and dolomite, BiH (CaMg(CO3),).

The content of secondary macronutrients (CaO and MgO) and harmful elements, pH, and
neutralization value in pyrophyllite and dolomite composite are shown in Tables 1 and 2,
based on a laboratory report of the Faculty of Mining, Geology and Civil Engineering,
University of Tuzla.

Table 1. Content of secondary macronutrients CaO and MgO, pH, neutralization value in the
composite of pyrophyllite and dolomite

Parameter MgO % Ca0 % ZMg?Aj-CaO pH (KCI) Né/a *Oeq
Composite 6.82 14.43 21.25 8.60 24.72
*neutralizing value
Table 2. Content of hamful elements in composite of pyrophyllite and dolomite
Parameter Cd Pb Cro* Cu Zn Ni Hg As
mg/kg | mgkg mg/kg mg/kg | mgkg mg/kg mg/kg mg/kg
Composite <0.1 2.46 1.12 4.03 18.99 | 2.55 <1 <1

Investigation of the efficiency of composite PiroFert based on pyrophyllite and dolomite
on the neutralization of acidic soil and its influence on the growth and development of beets
(Beta vulgaris var. Conditiva).

The experiment was carried out at the location of the village of Banja, Arandelovac, Serbia.
The soil on which the beetroot was grown was in the type of oil. At 0-30 cm soil depth, the
pH value (H2O) was 5.1, and it was classified as acidic soil. After the calcification and
fertilization of the soil, beetroot (Beta vulgaris var. Conditiva) was planted, which belongs
to cultures with a weak tolerance to acidic soils (low pH). The experiment was carried out
in a 1 m? cassette. Table 3 shows the variants of fertilization in the vegetation trial.

Table 3. Variants of fertilization in the vegetation trial

Variant of fertilizer Control Experiment with PiroFert
NPK (15:15:15), g/m? 30g 30g
Compost from vegetable waste, g/m? 5000 g 5000 g
PiroFert g/m? - 500 g

At the end of the vegetation trial, the length and mass of beet plant organs (roots and leaves)
were measured on 5 selected plants (on the basis of pairs). The trial lasted five months.
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3. RESULTS AND DISCUSSION

3.1. Formulation of multifunctional fertilizer based on pyrophyllite

Formulation of multifunctional fertilizer, based on quality and safety parameters for

Product Function Categories PFC1, PFC2, and PFC3, defined in the Regulation EU

2019/1009:

1. Category PFC1 (C, b): Compound solid inorganic macronutrient fertilizer with more
than one secondary macronutrient (calcium (Ca), magnesium (Mg), sodium (Na),
sulphur (S)) and no primary macronutrients (nitrogen (N), phosphorus (P), potassium
(K)) and must contain at least 1,5 % by mass of total magnesium oxide (MgO) and 1,5
% by mass of total calcium oxide. The sum of all declared macronutrient contents shall
be at least 18 % by mass.

2. Category PFC2: Liming material: shall be an EU fertilizing product the function of
which is to correct soil acidity and shall contain oxides, hydroxides, carbonates, or
silicates of the nutrients calcium (Ca) or magnesium (Mg); minimum neutralizing value:
15 (equivalent CaO), minimum grain size: at least 70 % < I mm,

3. Category PFC3 (B): Inorganic soil improver, Soil improver is an EU fertilizer product
whose function is to maintain, improve or protect the physical or chemical properties,
structure, or biological activity of the soil to which it is added.

According to Directive EU 2019/1009, contaminants in fertilizer must not exceed the

following limit values shown in Table 4.

Table 4. Content of harmful components in fertilizers according to the Directive EU 2019/1009) [2]

Category Cd Cr(VD Pb Cu /n Ni Hg As
(mg/kg) | (mg/kg) | (mg/kg) | (mg/kg) | (mg/kg) | (mg/kg) | (mg/kg) | (mg/kg)
PFC1 3 2 120 <600 | <1500 100 1 40
PFC2 2 2 120 <300 <800 90 1 40
PFC3 1.5 2 120 <300 <800 100 1 40

Based on the content of secondary macronutrients CaO and MgO and the content of harmful
components in the composite of pyrophyllite and dolomite, PiroFert, (Table 1 and 2), the
product formulation was defined, mass fraction, based on pyrophyllite and a small part of
dolomite where the sum of active components is above 18%, which is the minimum for
registration (X CaO +MgO = 21.25%) which in terms of quality and safety meets the criteria
of three categories PFC1, PFC2, and PFC3, EU directive 2019/1009, and can be registered
as multifunctional fertilizers, as a compound inorganic macronutrient fertilizer/liming
material/soil improver. The product must meet product-specific labeling requirements,
obtaining the CE mark in order to be ready for the EU market. With dolomite content in the
composite, the requirements of the regulation for regenerators (inorganic soil improver)
and/or means for adjusting the pH value of the plastering material are met. It should be
emphasized that pure pyrophyllite meets the requirements of registration as a conditioner
(inorganic soil improver).

3.2. Results of the vegetation experiment with beetroot

The measurement of the length of the beet parts and the diameter of the root as well as the
mass of the plant parts, at the end of the experiment (5 months after sowing), was carried
out on 5 selected plants (on the principle of pairs) of each treatment. The results are shown
in Table 5 and the appearance of the beets at the end of the experiment is shown in Figure
1.
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Table 5. Average length and diameter of beet roots at the end of the experiment, cm

Experiment Index Control
Parameters Control PiroFert 100 %
Leaf 32.8 36.6 111.58
Root 14.2 18.2 128.17
Total 47.0 54.8 116.59
Root diameter, cm 4.0 5.3 132.50

The lengths of the main parts of the plant, leaves, and roots (Table 5) including the diameter
of the roots indicate their more intensive development compared to the development of
plants in the control treatment. Leaf length was greater by 11.58%, root by 28.17%, and
root diameter by 32.50%.

Figure 1. The appearance of beets at the end of the experiment (whole plant, root, and section)

The average mass of the basic parts of the plant, leaves, and roots (Table 6), similar to the
length of the same parts of the beet, was higher in the experimental treatment with PiroFert.
The average mass of the leaf in this treatment was greater than the control treatment by
32.55%, the root by 48.97%, and the total mass of the plant by 40.07%.

Table 6. The average weight of the beet parts at the end of the experiment, g

Parameters Control Experiment PiroFert Indelx 0 OCO/ontol
0
Leaf 57.8 76.6 132.52
Root 49.0 73.0 148.97
Total 106.8 149.6 140.07

The results of the height and mass of beet plant organs are illustrated in Figure 2.
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Figure 2. Experiment with beet, (composite — pyrophyllite/dolomite) and effects on height
and mass of roots and leaves of the plant

Five months after the calcification and extraction of the beets, the pH value of the soil in
the trial treatment (PiroFert) increased from 5.9 to 6.4, which indicates that the calcification
with pyrophyllite and dolomite-based fertilizer, already in the first year, gave good and
desired results.

As this is the first year of testing the PiroFert composite, it is necessary to repeat the test in
order to determine the biological efficiency of the fertilizer.

4. CONCLUSION

The new Fertilizer Products Regulation (EU) 2019/1009 will apply from 16 July 2022 and
establishes EU-wide quality, safety, and environmental criteria for fertilizers. In accordance
with that, the paper promotes multifunctional fertilizer, as a compound inorganic
macronutrient fertilizer/liming material/soil improver, based on pyrophyllite, deposits
Parsovi¢i, Konjic, BiH, enriched with dolomite to achieve the defined formulation of
Product Function Categories (PFC), according to the new regulations. The new EU soil
strategy for 2030 sets out a framework and concrete measures to protect and restore soils
and ensure that they are used sustainably with the aim of reduced degradation and increased
soil fertility, emphasizing the advantage of natural fertilizers over industrial ones. The aim
of this paper is to promote the use of pyrophyllite as one of the most promising natural
aluminosilicate materials, environmentally friendly and economically viable materials
whose application meets the stringent requirements of sustainable agricultural production,
the requirements of the new EU soil strategy for 2030 and new Fertilizer Products
Regulation (EU) 2019/1009.

The use of pyrophyllite-based fertilizers with the addition of dolomite (PiroFert product
AD Harbi Ltd. Sarajevo, Bosnia and Herzegovina) to neutralize acidic soil in beet growing
conditions (Beta vulgaris var. Conditiva) had a positive effect on the correction-increase of
soil pH as well as the formation of plant biomass (leaf and root length as well as root
diameter). Analogously, in the treatment with the addition of PiroFert fertilizer to the soil,
there was an increase in root yield, which was higher by 48.97% compared to the control
treatment.

The same research should be continued in the second year with the aim of a more
comprehensive overview of the effects of soil neutralization and its stabilization after
calcification.
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ABSTRACT

Pollution of the environment with heavy metals is one of the greatest contemporary problems.
Pyrophyllite is a hydrous aluminum silicate, with a wide variety of applications due to its high
melting point and stable chemical properties. This study aims to examine the sorption properties of
the mechanochemically activated pyrophyllite for the removal of divalent heavy metal ions (Zn, Cd,
Pb, Cu, and Ni). The mechanochemical-activated pyrophyllite by milling was obtained from the
Parsovi¢i mine, Konjic site, AD Harbi Ltd., Sarajevo, Bosnia and Herzegovina. Heavy metal
sorption experiments were performed by the "batch" method. Results clearly showed that the
sorption of Me(1l) is affected by granulation and amount of pyrophyllite, and sorption time. The
following results were obtained: (1) the smaller pyrophyllite particle the removal of Me(Il) is more
efficient and the shorter contact time is required; (2) the sorption of Me(ll) on pyrophyllite
decreases in the following order Cu > Pb > Cd > Zn > Ni, (3) the increase of contact time increases
the removal of Me(ll) from the aqueous solution, (4) mutual competition of Me(Il) for pyrophyllite
binding sites — significantly more efficient sorption of Cd(Il), Zn(Il) and Ni(Il) was achieved from
individual solutions compared to the mixture. Our results show the high potential of pyrophyllite as
a material for the removal of heavy metals from water solutions.

1. INTRODUCTION

Pollution of the environment with potentially toxic elements is one of the world’s biggest
problems, and most often originates from insufficiently or untreated industrial or municipal
wastewater. Potentially toxic metals (PTMs) are considered hazardous environmental
pollutants because of their high stability and toxicity even at low concentrations [1].
Removal of PTMs is essential in environmental remediation and cleanup. Adsorption is one
of the conventional physicochemical processes sand has been used for the removal of heavy
metals from various industrial effluents due to its simplicity and cost-effectiveness [2]. In
addition, partitioning reactions (sorption) to clay mineral surfaces may control metal
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mobility in soils [3]. The development of technology for the removal of PTMs from
wastewater based on sorption on solid materials requires primarily sorbent materials of
known kinetic parameters and sorption characteristics, which are non-toxic, available,
chemically and mechanically stable, economically viable, and recyclable.

Pyrophyllite is a natural hydrous aluminum silicate clay mineral (AlbSi4(OH)10(OH)2) with
a high melting point, stable chemical properties, and low cost. The elementary sheet of
pyrophyllite is composed of an aluminium-oxygen/hydroxyl octahedral layer between two
tetrahedral layers of silicon-oxygen. Pyrophyllite is hydrophobic due to the absence of
hydroxyl groups on the basal surfaces of the elementary sheet [4]. The structure of
pyrophyllite is similar to talc, but talc contains Mg?* instead AI** in octahedral positions.
The layered silicate structure of pyrophyllite crystals has natural adsorption activity [5].
Adsorption of metal cations is mainly occurred by cation exchange in the interlayers.
Formation of inner-sphere metal complexes through Si—O™ and Al-O" groups at both edge
sites of clay particles is an additional adsorption mechanism [5]. Pyrophyllite edges are
formed by the fracture of the ionic and covalent bonds and their numbers depend on the
grinding procedure. Also, hydrophobic siloxane surfaces of pyrophyllite act as neutral
adsorption sites and are accessible to nonpolar organic species [8]. The sorption
characteristics of natural or modified pyrophyllite have been extensively studied [2,5,7,9-13].
Mechanochemical activation (MCA) is a simple method for the modification of solid
materials that causes structural disorder, amorphization, and increased chemical reactivity
[14]. MCA, usually performed by grinding, is an environmentally friendly process because
of low energy consumption, processing temperatures, and cost.

This study aims to examine the properties of the mechanochemically activated pyrophyllite
for the sorption of divalent heavy metal ions (Zn(II), Cd(II), Pb(II), Cu(II), and Ni(II)). The
effect of contact time, initial metal-ion concentration, and amount of pyrophyllite on the
removal of the targeted PTMs from the aqueous solution were studied.

2. EXPERIMENTAL

2.1. Chemicals

We used the following chemicals purchased from Sigma-Aldrich (St. Louis, MO, USA):
zinc chloride (ZnCly), lead nitrate (Pb(NO3)2), cadmium nitrate (Cd(NO3)2) 4H>0O), copper
nitrate (Cu(NO3)2 2.5H>0), nickel nitrate (Ni(NO3)> 6H>0), potassium chloride (KCI),
sodium hydroxide (NaOH), nitric acid (HNO3), sodium acetate (NaCH3COO). All
chemicals are p.a. purity. Deionized water was obtained using a Milli-Q water purification
system (Millipore, Bedford, MA, USA). Polyethylene laboratory bottles were used to
prepare and store aqueous solutions of metal salts, as well as to perform experiments. These
bottles were pre-washed in 10% HNOs3 to prevent heavy metal contamination.

Heavy metal stock solutions, containing 0.16 mol dm™ of a single element (Zn(1I), Pb(Il),
Cd(I), Cu(II) or Ni(II)), were prepared separately for each metal by dissolving an adequate
amount of the salt in 0.1 dm? of deionized water. The stock solutions were stable for months
at room temperature. Working heavy metal ions solutions, with a single metal concentration
0of 0.16 mM (10 ppm Cu (II), 10.5 ppm Zn(II), 9.4 ppm Ni(II); 17.98 Cd(II); and 33.1 ppm
Pb(II)) and total metal ions concentration of 0.8 mM, were prepared shortly before each
experiment by appropriate dilution of the stock solutions with deionized water.

2.2. Adsorbents

The row natural pyrophyllite was obtained from the deposits "Parsovi¢i" - Konjic (AD
HARBI Ltd., Sarajevo, Bosnia and Herzegovina). The samples were mechanochemical
modified by milling and sieving crude pyrophyllite. The granulometric composition was
determined by sieving the ground pyrophyllite through standard sieves with openings of
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appropriate dimensions (0.1 mm and 0.045 mm). Three samples of pyrophyllite with
granulation of < 0.1 mm (Pyr-0.1) and < 0.045 mm (Pyr-0.045) were used for PTMs
adsorption studies.

2.3. Adsorption studies

PTMs adsorption experiments were performed by the "batch" method, i.e. direct contact of
a certain amount of pyrophyllite and aqueous metal solution. Batch experiments of metal
adsorption on pyrophyllite samples were carried out at room temperature by mixing
mechanochemically modified pyrophyllite and working metal ions solution in closed
polyethylene bottles. The samples were shaken on the laboratory shaker (Promax 2020,
Heidolph, Schwabach, Germany) at the stirring speed of 200 rpm for better mass transport.
After that, the liquid phases were separated by centrifugation at 1000 rpm followed by
filtration through a 0.45 ummicroporous membrane filter (Membrane Solutions LLC, TX,
USA). The concentration of PTM ions in the aqueous phase was quantified by anodic
stripping voltammetry with a 797 VA Computraceanalyser (Metrohm, Herisau,
Switzerland) by using the Metrohm's procedure for the voltammetric determination of zinc,
cadmium, lead, and copper in water samples No. 231/2.Ni(Il) was determined by the
addition of dimethylglyoxime as a complexing agent (Metrohm application note No. V-
100).

The influence of different experimental parameters, such as the contact time (5 min - 24 h),
the initial total metal ions concentration (25-600 mg dm™), the amount of adsorbent (0.5-
10 g dm™), and granulation of pyrophyllite, on the removal efficiency of metal ions were
investigated. The molar concentrations of Zn(II), Pb(Il), Cd(II), and Cu(II) ions in a multi-
metal solution were set to be equal. All experiments were carried out in duplicates and the
data obtained were used for analysis.

The removal efficiency of particular metal ion (R) was evaluated using Eq. (1),

respectively:
Ce

R(%) = (22=¢) 100 (1)

Cme
where Cue and C. are the initial and equilibrium metal ion concentration (mg dm™).

The concentrations of alkali and alkali earth metal cations (Na(I), K(I), Ca(Il), Mg(II)) were
analyzed by the 861 Advanced Compact ion chromatography (IC) system (Metrohm,
Herisau, Switzerland) with conductivity detector and analytical column Metrosep C2
(Metrohm, 150 mm x 4 mm). In the initial heavy metal ions solution the concentrations of
Na(I), K(I), Ca(Il) and Mg(II) ions were 0.1, 0.1, 0.2, and 0.5 mg dm™, respectively.

3. RESULTS AND DISCUSSION

The removal of potentially toxic divalent metal ions Me(Il) from an aqueous solution is
investigated in this work. The effects of contact time, MCA pyrophyllite particle size, and
competitively of the targeted Me(II) for adsorption have been studied. Before the
experiments of sorption of selected heavy metal ions, and considering the chemical
composition of pyrophyllite, we examined whether pyrophyllite releases metal ions in
equilibrium with the water. The experiments were performed by placing 200 mg of
pyrophyllite in 100 cm® of deionized water, pH 5.0, and shaking on a laboratory shaker.
The samples were taken at the following time intervals: 30 min, 1 h, 2 h, 3 h, 5 h, and 24 h
and analyzed. No measurable amount of any tested metal ion was found in any of the
samples, which indicates that these ions are not released (dissolved) from the pyrophyllite
into deionized water.
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3.1 The effect of adsorption time and particle size on Me(II) removal

Figure 1 shows the effect of contact time between pyrophyllite and the aqueous solution of
the studied PTMs using two MCA pyrophyllites with different granulation: Pyr-0.1 and
Pyr-0.045. The removal efficiency (R) of the studied Me(II) depends on adsorption time,
the particle size of pyrophyllite, and the kind of metal ions.
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Figure 1. The effect of adsorption time on the removal of Me(Il) using (a) Pyr-0.1; (b) Pyr-0.045.
Experimental conditions: Cy. = 10 mg dm™, the volume of aqueous solution 25 cm’, amount of
pyrophyllite 1 g, shaking rate 200 rpm.

Removal efficiency increases with increasing adsorption time for all studied Me(II). It
should be noted that pyrophyllite of smaller granulation (Pyr-0.045), due to the larger
surface area, adsorbs more Me(Il) for the same time compared to Pyr-0.1. The removal of
Pb(II) and Cu(II) is notably higher and faster compared to Zn(II), Cd(II), and Ni(II). From
Fig.1, it can be seen that Pyr-0.045 adsorbed > 98% Pb(II) and 100% Cu(Il) from the
aqueous solution after 10 min of contact, while it took 60 minutes to remove the same
percentage of Pb(Il) and Cu(Il) with Pyr-0.1. The higher and faster removal of Zn(II),
Cd(II), and Ni(I) was obtained using Pyr-0.045, and Zn(II) and Cd(II) reached the
maximum of 95% after 24 h. Significantly lower removal (65% for Cd(II) and Zn(II), and
38% for Ni(I)) was obtained after 24h of contact with Pyr-0.1 without reaching the
maximum. The results clearly show that pyrophyllite of smaller granulation removed the
tested Me(Il) from the aqueous solution faster and in a higher percentage: Cu(Il) was
completely removed after 5 min and 99% Pb(II) was removed after 30 min. The removal
trend of other metal ions was similar to that of Pyr-0.1, but the removal percentage was
significantly higher: 96.4%, 92.6%, and 80.1% for Cd(II), Zn(II), and Ni(II), respectively.

The initial adsorption of Cu(Il) and Pb(II) at Pyr-0.045 is very fast. The adsorption is a
surface phenomenon, at the beginning of the adsorption the active sites at the surface of the

20



pyrophyllite filled up rapidly with the metal anions with high affinity towards pyrophyllite.
Since Pyr-0.045 has a larger surface area, adsorption is both larger and faster compared to
Pyr-0.1. Additionally, from Fig. 1 can be seen that the removal efficiency of Cd(II), Zn(Il),
and Ni(II) began to increase after the time when Pb(II) and Cd(II) reached the maximum
removal. Adsorption of these Me(II) is much slower compared to Pb(II) and Cu(Il) because
Me(II) has to diffuse to the pores of pyrophyllite and inner binding sites. This also indicates
competition for metal bonding sites on the pyrophyllite as well as a lower affinity for the
binding sites.

From the obtained results shown in Fig. 1, it is clear that the removal of Me(II) from the
solution 1.e. the sorption of Me(Il) on pyrophyllite is affected by the contact time, the
amount of pyrophyllite and the granulation of pyrophyllite.

The following experiments aimed to determine the optimal amount of pyrophyllite for the
removal of the targeted Me(Il). From the results in Fig. 2, it can be seen the influence of
the amount of pyrophyllite on the removal of Me(Il). When the amount of pyrophyllite
increases, the removal efficiency of the studied Me(Il) also increases. This effect is
especially pronounced in pyrophyllite with smaller particles (Pir — 0.045 pm) (Fig.2b). For
example 2 g L' of Pir-0.045 is sufficient to remove 100% Cu(II) and 90% Pb(1I). While,
24 g L'of Pir-0.045 removed 100% Cu(II), Pb(II) and Zn(II); and 97.7% Cd(II) and 93.5%
Ni(II).

Comparing Figures 2 (a) and (b), it can be concluded that even with the application of the
triple amount of pyrophyllite with granulation of 100 pm compared to a pyrophyllite of
granulation <45 um, it is not possible to achieve such a successful removal of metal ions.

3.2 The competition of binding of tested metal ions to pyrophyllite

From obtained results shown in Figures 1 and 2, it is evident that Cu(II) and Pb(II) bind the
fastest and in the highest percentage to pyrophyllite i.e. their removal from aqueous
solutions is the biggest. Additionally, it is clear that the sorption of other investigated PTMs
ions begins to increase when Cu(Il) and Pb(II) reach equilibrium, which indicates the
mutual competition of these ions for binding sites on pyrophyllite. Therefore, in the
following experiments, we examined the sorption of individual PTMs ions on pyrophyllite
and compared them with the results from a mixture of metals (Figure 3). To be able to
follow the mutual competition Me(I), we chose the concentration pyrophyllite 8 mg dm™,
because at this concentration Cu(Il) achieves the maximum binding, and all the others
Me(II) are less bound to pyrophyllite.

It can be concluded from Figure 3, that the sorption of Cu(Il) is the same from the mixture
of Me(II) and from the individual solution, which means that its binding is not affected by
other metal ions, ie. Cu(Il) is the most strongly bound to pyrophyllite. From a single
solution of Pb(II) the sorption is 100%, while from the mixture it is 87%, and in this case,
the competition of Pb(Il) and Cu(II) can already be seen.

In the case of Cd(Il), Zn(II), and Ni(II) of Me(II) which bind to pyrophyllite to a lower
degree in the presence of Cu(Il) and Pb(II), the improvement of binding from a single
solution was highly pronounced. The sorption of Zn(II) was increased from 8% to 98%;
from 21% to 85% for Ni(Il), and slightly less for Cd(II) from 8% to 62%.
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Figure 2. The effect of the amount of (a) Pyr — 0.1 and (b) Pyr — 0.045 on the removal of Me(Il).
Experimental conditions: C = 0.16 mM single metal, Cio; = 0.8 mM, the volume of aqueous
solution 25 cm’, amount of pyrophyllite 1 g, shaking rate 200 rpm, adsorption time 24h.
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Figure 3. The removal efficiency of divalent metals from the mixture of solutions (concentration of
each metal in the mixture C = 0.16 mM, total concentration of metal Cio; = 0.8 mM) and from
single solutions (concentration of metal C = 0.16 mM)on Pyr-100.Experimental conditions:
volume of aqueous solution 25 cm’, amount of pyrophyllite 0.2 g, shaking rate 200 rpm,
adsorption time 24h.

In all solutions obtained after the adsorption of metal ions on mechanically modified
pyrophyllite, the concentrations of alkali and alkaline earth metals were determined (Table
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2). During the adsorption of selected  7upje 1. Concentrations of alkali and alkaline earth
divalent metals from mechanically metals released from pyrophyllite during the
modified pyrophyllite, the release of adsorption of heavy metals to pyrophyllite

alkali and alkaline earth metals
decreased in the following sequence: Adsorbent
Ca?"> Mg*"> K> Na". This indicates
that divalent ions play the main role in
ion exchange, primarily Ca®". The
obtained results show that a smaller
amount of alkali and alkaline metal ions were released by using pyrophyllites of larger
granulation.

C, mM
Na K Ca Mg
Pir -2mm 0.096 | 0.428 | 0.455] 0.175
Pir-100 um | 0.137 | 0.181 | 0.899 | 0.194

4. CONCLUSIONS

Contamination of water by potentially toxic metals from industrial and municipal
wastewater is an acute environmental problem worldwide. This study focused on the
mechanochemical activation of geopolymer - pyrophyllite and its adsorption characteristics
towards heavy metals such as Cu(Il), Pb(Il), Ni(Il), Zn(II) and Cd(Il). The
mechanochemical activation can be considered an ecologically friendly technique, which
can contribute to reducing CO; emissions by replacing some thermally intensive processes.
The mechanochemically modified pyrophyllite was found to be a high-potential adsorbent
of metal ions fromwater through batch adsorption studies. The adsorption of the targeted
metalions was evaluated as a function of experimental parameters such as pyrophyllite
amount, the particle size of pyrophyllite, and contact time. The maximum removal
efficiencies to the extent of 98 and 100 % for Pb(II) and Cu(lIl), respectively, were achieved
using fine grinned pyrophyllite with particle size less than 45 um for only 10 minutes.
Additionally, the mutual competition of the studied ions for binding sites on pyrophyllite
was found. The overall studies indicatet hat the mechanochemical-activated pyrophyllite
could be used as an inexpensive and promising adsorbent for the removal of potentially
toxic metals.
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ABSTRACT

Occupational safety is a very important factor in the process of creating a safe work environment.
The benefits employers, employees and even the state as a whole can reap greatly depend on the
way occupational safety is organized and implemented. This paper aims to make a general analysis
of the condition of safety at work in Bosnia and Herzegovina, with a special emphasis on the
Federation of Bosnia and Herzegovina. The starting point of this paper is the fact that the current
law on occupational safety was passed less than two years ago and certain doubts are sprouting up
regarding its implementation. This is why there is a need for a deeper and more comprehensive
analysis of existing legal situations, problems in implementation, and proposals that could improve
or otherwise prove helpful in gaining a clearer understanding of the rights, obligations, and
responsibilities of all parties involved, those being the state, employers, and employees. The initial
hypothesis of the paper is that the current law on occupational safety, with all its vagueness,
represents a good basis for improving the position and rights of employees. The descriptive method
was used in the paper, along with a study of available literature, both domestic and foreign.

1. INTRODUCTION

Occupational safety is a very important area of social life. Man has always aspired to
perform his activities in a way that will enable him to be safe. Injuries at work are
determined by the imbalance between unfavourable work conditions and an insufficient
understanding of occupational safety and health, by both employers and workers.
Unfavourable working conditions include a wide range of biological, mechanical, and
physical exposures to the environment, psychological demands related to specific tasks, the
overall working environment, issues related to the handling and use of materials, tools, and
machines, organizational factors, as well as pressure from the management to achieve the
outlined plans and production targets [1]. Occupational safety can be defined as a set of
technical, legal, psychological, pedagogical, health-related, and other activities and
measures that identify hazards and harms and define steps that should prevent or reduce the
possibility of injury at work. As we can see, the emphasis is placed on creating working
conditions in which work-related injuries are completely prevented, or at least the
possibility of them occurring is greatly reduced. The Statistical Office of European
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Communities (Eurostat) states that in the EU, close to 3% of employed persons experienced
an injury at work that caused an absence longer than three days, adding up to around 83
million calendar days of sick leave [2]. During the evolution of human society, safety at
work went through different phases. In its initial phase, it did not have any special
significance due to the social organization, the role of the state, and the development of the
workforce. Over time, with the increasingly active involvement of the state in the
relationship between the employee and the employer, the role and importance of
occupational safety are gradually changing.

The very realization that injuries at work create huge expenses that have a negative impact
on all aforementioned parties is reason enough for a more significant role of occupational
safety. In that sense, drafting and harmonizing normative acts in the field of occupational
safety is a necessary condition [3]. The economy of every country faces numerous changes
every day. We are witnesses to countless accidents these days (from wars to earthquakes)
which greatly complicate the functioning of business organizations. Changes are an integral
part of the daily activities of all organizations and it is not an unknown fact that nowadays
organizations have to work hard to stay afloat [4]. In such an environment, serious
organizations are increasingly devoting themselves to getting a clearer understanding of
costs as an opportunity to increase comparative advantages in the global market
competition. During the determination of the types and overall scope of the costs, an
increasing number of employers come to know that the share of costs that arise as an
integral part of injuries at work represents a significant amount of money. A large number
of studies indicate that the costs incurred as a result of injuries at work are at the level of
4% of the GDP of every national economy [5]. This information speaks for itself. What is
problematic about this data is the fact that only 1% of that cost is visible and refers to the
direct costs of an injury at work. What about the other costs, those which are not visible to
that extent? How aware are the employers of their existence and their size? The very
realization that a problem exists is good because it opens up opportunities to define
activities that should help us reach an appropriate solution. The basis for looking at
problems and coming up with solutions is the need to adopt certain legal acts and by-laws,
change the safety culture, promote the role of safety at work in the process of creating
benefits for all members of society, determine these benefits through a responsible policy
and implementation of appropriate measures for safety at work. These are some of the
questions we plan to deal with in our paper, with the intent to make a kind of cross-section
that could serve as the starting point for further activities in the process of creating safe
working conditions. In the first part of the paper, we will emphasize occupational safety
itself, how it was created, what it used to be, what it is now, and what it should be in the
future. Is the adoption of the Law on Occupational Safety the solution to all problems or
should it only be a starting point for further activities? As much as the Law itself is the
solution to all the problems, if there are no by-laws that should enable the implementation,
the Law itself won’t change anything. Who educates our occupational safety and fire
protection engineers and do we have enough engineers from those fields who, through their
activities, should contribute to the creation of a safer work environment?

What is our safety culture like and how do we think it can be changed? What is the role of
every occupational safety and fire protection engineer in the process of changing the
awareness of each individual about their role and importance in the process of creating a
safe work environment? These are some of the questions we will try to answer in this paper.
It is fact that there are no simple solutions and that every reader of this paper can observe
these questions and dilemmas from a different angle. Different points of view and
constructive thinking are always welcome in the process of acquiring valid views and
conclusions which should change our perception of the role of each one of us in the process
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of creating a better tomorrow. Finally, it is important to state that safety at work is not an
ad hoc activity. To achieve appropriate conditions, constant improvement and development
of the occupational safety organization are necessary. The organization of occupational
safety refers to the entire system of measures undertaken with the aim of preventing and
eliminating potential hazards that threaten the lives and health of employees. There are
subjective and objective factors that cause hazards and injuries at work. Subjective factors
are non-compliance with occupational safety regulations, deliberate use of protective
equipment, insufficient expertise to perform work, psychological state of the worker, etc.
Objective factors are means of production, which, through improvement, acquire technical
and functional properties so that they become lesser threats to a worker’s physical
personality [6].

2. LEGAL BASIS

If we go back many years and centuries, numerous documents and objects show that the
field of safety and health at work has always been present in social life. In some periods,
its importance was greater than in others. Regardless of what period we are talking about,
the position of workers improved over time. In the first phase, it was through the gradual
organization of work in such a way that human power is consumed less and less and
replaced wherever possible. The next phase is characterized by the production of tools for
work, which, with their constructive characteristics, reduce the possibility of injuries at
work. The third period refers to the gradual inclusion of all the elements of an organization
in creating the safest possible working conditions. In this sense, certain normative activities
have appeared throughout history, developed over time, and, through certain legal acts and
by-laws, attempted to create working conditions in which there will be as few injuries at
work as possible. Most of the countries around us have adopted new laws that regulate the
field of occupational safety and health, and they are largely harmonized with normative acts
of the European Union, which all countries of the region aspire to. The law defines this
field, and numerous by-laws (rules, decrees et cet.) define all economic areas in a more
precise way [7]. When we talk about the legal basis, it is important to mention at the very
beginning that we truly need legal acts and by-laws that will clearly define the rights and
obligations of employers and employees.

Generally speaking, most non-EU countries have already adopted Occupational Safety
Laws that are harmonized with the norms of the European Union (Bosna and Hercegovina,
Montenegro, Republic of Serbia). Observing the development of social relations through
history, we can conclude that at a certain level of development, there is a need to define
certain legal regulations that will regulate these relations [8]. Because of all this, it is
necessary to work much more on the organizational culture of the workers as the process
which creates the assumptions of appropriate safety culture as a road to avoiding injuries at
work. The Federation of Bosnia and Herzegovina, as a part of Bosnia and Herzegovina,
finally adopted the Occupational Safety and Health Act at the end of 2020, which would
deal with the issue of occupational safety and create better and safer working conditions for
employees. Until the adoption of this law, we had an absurd situation where the fines for
non-compliance with the provisions of the existing Law on Occupational Safety were in
“Yugoslav dinars’.

A little earlier in the Brcko District and the Republic of Srpska, laws that deal with the issue
of occupational safety and health were passed. In the Republic of Srpska, there is a Law on
Occupational Safety and Health from 2008 (Official Gazette of the Republic of Srpska No.
01/2008 and 13/10), and in the Br¢ko District, the Law on Occupational Safety and Health
from 2013. Both of these legal acts are harmonized with the European directive 89/391
which represents the foundation for regulating the field of safety at work.
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Over the course of the paper, we will shift the focus of our analysis to the existing legal
solution in the Federation of Bosnia and Herzegovina. However, before that, we have to
give a general overview of existing legal acts that regulate the field of safety at work in the
whole of Bosnia and Herzegovina as well as its immediate surroundings. The general
impression is that the adopted Laws on Occupational Safety are harmonized with the EU
directive dealing with these issues. What is an important prerequisite for the
implementation of existing legal solutions? By-laws. What is our situation when we talk
about by-laws? The very insight into the by-laws that regulate certain economic activities
unequivocally raises the question of their compatibility with the times in which we live. A
large number of by-laws are from the last century and the question is to what extent they
can be adjusted to today’s degree of economic growth and development. ((for example, in
the FBiH we have General rulebook on hygienic and technical protective measures at work
("Official Gazette of FNRJ", no. 16/47, 18/47 and 36/50) and Rulebook on occupational
safety when loading cargo into motor vehicles and unloading cargo from such vehicles
("Official Gazette of the SFRY", number 17/66)). The current issue is not only related to
Bosnia and Herzegovina, because for example, in the Republic of Serbia, which passed the
Law on Safety and Health at Work in 2005, the Rulebook on Occupational Safety in
Agriculture is also still in force ("Official Gazette of the SFRY, no. 34/68). What means of
plant protection were used then, and what is used now? We are not sure that the solutions
from 60 years ago are appropriate. The problem with the Federal part of Bosnia and
Herzegovina is only more pronounced because, until recently, there was no Law on
Occupational Safety that could be applied in the right way, so it is clear that the by-laws
are also not appropriate.

An integral part of the activities that await us is the continuous harmonization of legal
regulations with the norms of the European Union. The development of techniques and
technology, new knowledge, and experiences, lead to the creation of new regulations in the
field of occupational safety. The problem arises at the moment when we start harmonizing,
and our economic and social development is not at the appropriate level. For example, in
the Republic of Serbia, the Rulebook on preventive measures for safe and healthy work
when using equipment for working with a screen ("Official Gazette of RS", no. 106/09 and
93/13, 86/19) in the article 3 and 6 is defined that every worker who works for more than 4
hours in front of a computer has the right and obligation to perform an ophthalmological
examination every 3 years. Many dilemmas arise in the implementation of this Rulebook.
One of them refers to the clarification of the concept of working with a screen (view focused
on the monitor) or working in front of the screen where the worker's view is not focused on
the monitor all the time. Another, perhaps bigger problem in our opinion, concerns the
purpose of this medical examination and the essence of protection at work. A simplified
interpretation says that the worker undergoes a medical examination and during that
examination, the dioptre in both eyes is determined to be -1. After three years, the dioptre
increases to -3 and after 6 years, the dioptre is -5. What does an ophthalmological
examination mean to us in that state? Is the essence of occupational health and safety to
deal with prevention, or to manage the worker’s new state through observing the declining
results? Is the medical examination the main aspect of occupational safety or is it tackling
the causes of visual impairment in workers? Are the workers properly trained to operate
with the screen? Have the adjustments of the resolution and the importance of the refraction
of natural and artificial light on the monitor been explained to the workers? Are there
regular examinations of the lighting in the room (and not just once every 3 years per
applicable regulations)? The main goal of occupational safety is dealing with the causes
and not the consequences. We now face an important question: Is the law a necessary and
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sufficient condition to create an environment in which the number of injuries at work would
be reduced and working conditions would be improved.

Considering the novelty of the current Occupational Safety and Health Act in the Federation
of Bosnia and Herzegovina, it is difficult for us to extract any relevant facts. On the other
hand, the superficial analysis of the trend of injuries at work in the countries in the
immediate vicinity of Bosnia and Herzegovina shows that there is no clear trend of reducing
the numbers and severity of injuries at work (example, If we look at the annual reports of
the labour inspector in the Republic of Serbia, we cannot see a trend of decreasing the
number and severity of injuries at work). Why? It is difficult to give a simple answer to this
question because a simple observation of some statistical data can lead us astray. What we
can state with certainty is the fact that the development of techniques and technology leads
toward the creation of safer tools and on that side one SHOULD see the trend of reducing
the number of injuries at work. If we do not see it already, it is clear that we need to turn
our attention to the worker who controls these tools for work. What is the worker’s role in
the process of creating a safe work environment and is their position about who should take
care of safety at work actually the answer to all dilemmas?

The question of safety culture is very important, and until we deal with the problem of
safety at work through the prism of values that determine that workers behave a certain way
during the performance of defined work operations, we can hardly expect better statistics
when we talk about the number and severity of injuries at work. Individual analyses of
numerous cases of major accidents have established that safety culture has a very large
impact on the creation of a safe work environment. It is a known fact that culture is very
difficult and slow to change. That is why we must recognize it as a very important factor
that affects the increase of business competencies of every organization and actively
manage its growth and development. An appropriate safety culture creates the basic
prerequisites for the long-term productivity of both employers and workers, as well as the
state itself. On the other hand, it creates conditions for a safer environment for workers [9].
Since we are already talking about normative frameworks for improving working
conditions, it is important to mention that we should think about starting the procedure for
mandatory occupational injury insurance as soon as possible. In developed countries, this
law is very often the main motivator for the employer to organize occupational safety affairs
in such a way that no injuries occur at work. Every year, the insurance company agent,
depending on the number of injuries and paid compensation claims, increases or decreases
the value of the policy for each worker. This fact is very often a decisive motive for
employers when we talk about taking care of workers’ health.

3. CHALLENGES IN THE APPLICATION OF THE CURRENT LAW ON
OCCUPATIONAL SAFETY IN THE FEDERATION OF BOSNIA AND
HERZEGOVINA

Before we look back on the good, as well as solutions that could be improved upon, we

have to state one important fact. The Law on Occupational Safety which was in force before

this law was inapplicable for many reasons. The very fact that the fines were expressed in

Yugoslav dinars speaks to the extent to which punitive measures could be the stimulus for

the implementation of this law. We know very well that in the regions where we live,

punitive measures are still the main incentive and that unless some sanctions are defined, a

large number of employers will not deal with this problem. Because of all of this, we must

praise the relevant ministries and other institutions that, within the framework of their
activities, contributed to the adoption of the Occupational Safety and Health Act and that it
represents the basis that should help us create safer working conditions for all workers. In
all countries in the immediate vicinity, there have been several changes to the basic laws of
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occupational safety that were adopted based on the EU directive 89/391, and this is nothing
new. Practice is very often a control measure, and during the life of the law, good things
and the things that need to be changed are seen in practice.

In Article 12 in paragraph 1 and 2 of the Occupational Safety and Health Act, the legislator
predicted that each employer must prepare an Elaborate on the arrangement of the
workplace for the activities defined in the act itself. In Article 12 in paragraph 2 of the
Occupational Safety and Health Act If the work is carried out for more than seven days, the
employer is obliged to report to the competent inspection body. What is the problem with
the practice? What about reporting works that last less than seven days? In the case when
the employer performs work activities at a certain location for a long time, they organize
the construction site following all requirements. When work activities are carried out in one
or two days, many improvisations are made in practice because it is “not worth it” to spend
time preparing for a construction site. In such conditions, injuries at work often occur. We
think that wherever there is an opportunity, employers who annually perform some
activities that last less than 7 days (various activities for the maintenance of certain systems)
should report through the general notification of works that in that year, in a certain area,
they perform for the users of their service specific maintenance work. In addition, the law
does not recognize the institution of continuity of work maintenance.

Someone can show up at the construction site and, due to the dynamics of the work,
complete the work intermittently in shorter or longer time periods. (a company that
performs the rough distribution of electrical installations and then comes to the final
connection of the equipment) How do we then interpret that time limit “that if one performs
work for longer than seven days”, one must report the work? The law itself does not provide
the possibility that the Application of Works and the Elaborate on the arrangement of the
work site can be submitted to the competent state authorities in writing. Then the competent
inspectors, in the office preparation of the examination of the work site, can familiarize
themselves with the location, specific dangers and damages, the equipment used to perform
the works, and the like. In Article 13 of the Occupational Safety and Health Act defines
that the main contractor or investor should provide a unitary report on the organization of
the work site. What do we do in a situation where an investor is a natural person who hires
a construction company to construct a building? As a natural person, the investor does not
know how to prepare such a document. On the other hand, if the investor hires a
construction company, it can handle such preparations. However, in practice, construction
companies often specialize in some types of work and hire subcontractors for others. How
can someone, who deals with the execution of rough construction works, define the
measures of safety at work, e.g., during the execution of sub-laying works? The usual
solution is for each company to make its own Elaborate, which refers to their works and
safety measures. Through the Agreement on mutual regulation of safety measures at work,
the execution of the works is organized in such a way as to prevent mutual injuries of
workers.

Article 26.3 of the Law defines that the employer may use hazardous substances only if
they can’t achieve the same work results by using harmless substances. The sequence of
measures that every employer who uses hazardous substances should follow is defined in
the rest of the articles. Some of these measures can be applied in the technological work
process. However, a big problem occurs in situations where there is no permanent activity
with dangerous substances and when neither the employer nor the employees, and often not
even persons responsible for occupational health and safety, are aware of the potential
consequences. In that sense, there are excellent normative solutions that foresee a system
of permits for dangerous jobs, whether working at height, depth, or with dangerous
substances. The person responsible for occupational health and safety is obliged to go to
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the site, inspect the location, and only if all the conditions are met, give consent for that
type of work. It is still a matter of good practice and not a legal obligation

In the continuation of the Low, the rights, obligations, and responsibilities of the person in
charge of occupational safety and health are clearly defined. In addition, the employer’s
obligation to organize and train a certain number of workers to provide first aid and fire
protection is also clearly defined. We would especially single out the clearly defined
obligation of employers that every worker can and must receive work instructions in a
language they can understand.

It is also interesting how the employer’s obligation to appoint a trustee for occupational
safety and health is defined (In Article 44 and 45 Law of the Occupational Safety and
Health). In a large number of legal solutions, this obligation is left as an opportunity for the
employee, but not as an obligation of the employer. In the continuation of the study of the
law, we can clearly see the rights, obligations, and responsibilities of the workers as well
as the rights concerning health supervision. An interesting solution exists in a part of the
law that concerns the rights of workers in a situation where they work at a workplace with
an increased risk, and after some time, it is determined they are no longer capable of
working at that workplace.

The employer is obliged to transfer the worker to another workplace that matches his health
capabilities if such a workplace exists. If such a place doesn’t exist, the relevant provisions
of the Occupational Safety and Health Act apply. Someone who had worked for 30 years
at a workplace with an increased risk (e.g., working at great heights) can no longer pass a
medical examination due to the inability to work at those heights. What kind of a job can
they expect on the labor market? When we are talking about reporting injuries at work, is
it clearly defined that every serious or fatal injury should be immediately reported to the
Labor Inspectorate? Are we able to determine for each work injury whether it is serious or
minor? What happens when we are wrong and the injury we characterized as minor turns
into a serious injury? Does the person responsible for occupational safety and health bear
any consequences?

In the continuation of the paper, we focused on the study of certain by-laws without which
there is no application of the law itself. The Rules of risk assessment (Official Gazette of
the Federation of Bosnia and Herzegovina 23/2021) represent a very important document
without which there is no application of the law itself. Unfortunately, the Occupational
Safety and Health Act was passed in November 2020 and it clearly defined the deadline by
which employers should harmonize their operations with the law. This was impossible until
the adoption of these Rules on risk assessment and a few other by-laws.

The next document that we will briefly analyze is the Rulebook on methods, procedures,
and deadlines for periodic inspections and tests in the field of safety at work (Official
Gazette of Federation of Bosnia and Herzegovina no. 23-21). The mentioned document
gives clear guidelines on the deadlines and in what way the employer must inspect the
installations, equipment, and the conditions of the working environment. What could be
potentially problematic concerns the obligation of employers to test the conditions of the
working environment, in summer and winter, every three years. In doing so, it is
emphasized that summer tests should be organized in the period between April and
September, and that winter tests can be done in the period between October and March. In
the time of climate change, we have witnessed that in the last few years temperatures
measured in November and December were above all usual values. By fulfilling the
employer’s obligations for testing the conditions of the working environment in October,
when the outside temperature is over 15 °C, the employer came to the information that the
measured temperatures are within the limits the law defines as allowed. However, would
those values be like that if the outside temperature was -5 °C? Some of the solutions in the
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neighboring countries (e.g., the Republic of Serbia, article 11 paragraph 3, Rulebook on the
procedure for inspecting and checking work equipment and testing working environment
conditions ("Official Gazette of RS", No. 15/2023) define that winter tests are organized
when the outside temperature is below 5 °C, and the summer tests are to be done when the
outside temperature is above 15 °C. In addition, through legal acts and by-laws, it is clearly
defined that certified organizations are required to examine working conditions: lighting,
microclimate, noise, and chemical and biological hazards while preparing the risk
assessment act. That is all logical if the technological work process indicates the existence
of all the mentioned hazards. However, the testing of chemical, physical and biological
hazards in the company engaged in software development or any other administrative
activity is problematic. The employer is obliged to pay a certain amount for tests of
harmfulness that are certainly not present in the work process. In that way, the price of the
service of creating a risk assessment report increases. Taking into account the time we live
in and the serious difficulties in the economy, we think that with this attitude we are creating
a certain amount of revolt and dissatisfaction among employers when it comes to the
Occupational Safety and Health Act itself. At the end of this discussion, we would like to
give a brief overview of another by-law, the Rulebook on the conditions of performing
business (Official Gazette of Federation of Bosnia and Herzegovina No. 23-21). For the
implementation of the obligations stipulated by the law, this is an important by-law.

To begin with, this Rulebook defines the professional qualification, work experience, and
the number of workers one requires in other to be authorized to carry out defined activities
with employers. The rulebook defines that the tasks referred to in Article 8 Rulebook on
the conditions of performing business can be performed by an authorized organization that
has at least three employees with a higher professional qualification- VII degree or higher
education of the first cycle of the Bologna system of study (which is evaluated with at least
180, i. e. 240 ETCS points), namely: a) one graduate chemical engineer or graduate
engineer of chemical technology or graduate technologist or a bachelor of chemistry or
bachelor engineer of chemical engineering and technology, b) one graduate biologist or
graduate engineer of medical-laboratory diagnostics or a bachelor of biology (major:
biochemistry and physiology, microbiology, teaching), c) one graduate of chemical
engineering or graduate engineer of chemical technology or graduate technologist or
graduate biologist or graduate occupational safety engineer or graduate physics engineer or
bachelor of chemistry or bachelor engineer of chemical engineering and technology or
bachelor of biology (major: biochemistry and physiology, microbiology, teaching) or
bachelor engineer of occupational safety or bachelor of physics. Do we have a sufficient
number of trained staff for these jobs who have three years of work experience in the
profession in the Federation of Bosnia and Herzegovina? I think we all know the answer to
this question. In addition, each authorized organization must have all the equipment and a
suitable laboratory for testing the conditions of the working environment. Authorized
organizations have to hire significant resources at the very beginning to start dealing with
the work for which they have been authorized. Due to such large expenses, the price of
services is significantly higher. Of course, the employer is the one who ultimately pays the
bill. Should we make the process of compliance with the legal solutions easier or harder for
the employer? In our opinion, we only make it more difficult like this. A special issue is the
number of authorized organizations and their ability to complete documentation for each
legal entity in the Federation of Bosnia and Herzegovina. By looking at the occupational
health and safety register on the website of the Federal Ministry of Labor and Social Policy
Federation Bosnia and Herzegovina, it can be seen that only 34 organizations have
authorization for these jobs. In some neighbouring countries (Republic of Serbia), in the
initial years of application of the law, there were no such string conditions for the
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registration of authorized organizations. Each company did not have to be registered for
testing the conditions of the working environment, but hired special organizations which
were licensed for those jobs. The next legal solution, ten years after the first version of the
law, started to be a little stricter regarding the number of employees at those companies and
their professional qualifications. However, each company had 10 years to find an authorized
company to produce the necessary documentation. The Rulebook on the conditions of
performing business (Official Gazette of Federation of Bosnia and Herzegovina No. 23-21)
in article 11 define that authorized organization must have an occupational health specialist
as part of the risk assessment team Insisting that each authorized company has a contract
with an occupational medicine specialist is also a separate issue. How many doctors in that
specialty do we have in the Federation of Bosnia and Herzegovina? Does this path create
an environment in which a relatively small number of organizations receive authorizations,
which as a consequence has a certain increase in the price of services? What we would also
like to mention concerns the need to create a register of work injuries at the level of the
Federation of Bosnia and Herzegovina. In the time of the development of informational
technologies, it is necessary to think about the information of a software database in which
the data on injuries at work would be automatically entered. Through the analysis of such
a database, we could have insight into more detailed information about injuries at work,
jobs in which they most often occur, who gets injured- younger or older workers, at what
time of the day, what are the causes and what are sources of injuries at work and similarly.
The new version of the Law on Safety and Health at Work, which is being prepared in the
Republic of Serbia, defines the obligation to create such a register. After the formation of
the database, we should deal with determining the causes of injuries at work. In order to
solve any problem, it is important to clearly define the problem itself. But how can we
define a problem if we do not have relevant data that could allow us to take a clear stand?
An effective solution to the problem is a specific measure or a set of measures that eliminate
or reduce the influence of one or more causes found on the cause-and-effect graph (for this
reason, the cause becomes the “main/root” cause). The approach for creating effective
measures includes the following: generating possible solutions, evaluating solutions, and
selecting the best solutions [10].

4. CONCLUSION

To conclude, just a brief statement that the aforementioned legal solutions represent a good
basis for creating conditions for safer work. We have to start with the fact that the mentioned
legal solutions represent a significant step forward compared to the previous which weren’t
applicable. Does this mean that the listed solutions are ideal? Of course not. Occupational
safety is a job that happens continuously and many developed countries change their laws
due to the changes in technology and work technology itself. The Faculty of Metallurgy in
Zenica, as a higher educational institution that organizes and implements the study program
of occupational safety and fire protection, has a great role and responsibility in the process
of training professional staff who, through their activities, will in the coming time be an
active participant in the process of improving working conditions.
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ABSTRACT

Aluminium alloy foams are a form of porous metal whose structure resembles the shape of natural
materials such as coral, bone, sponge, etc. Due to their structure, these materials retain good
mechanical properties of the base material while being significantly lighter than non-porous metal.
Metal foams can be used as energy and vibration absorbers, heat exchangers, insulators, and filters.
The main disadvantage of this type of material is its high production cost. To reduce production
costs, aluminium alloy chips are used as base material. Foams are made of A360 and AA 7075
aluminium alloys. To produce a porous structure, CaCOsis used as a foaming agent while Zn and
CaOwere added as stabilizing agents. The main goal of the paper was to investigate the difference
in the shape of pores and relative density after foaming with different stabilizing agents.

1. INTRODUCTION

Metal foams imitate the structure of coral, sponge, and bone [1]. They can be made from
materials such as aluminium, titanium, nickel, and polymers [2]. They are characterized as
low-density materials with high energy and sound absorption. Foams are divided into two
groups, with open and closed cells. Open cell foams are made by compacting base material
and space holder. After that material is heated and the space holder leaks [3]. They are used
as filters, heat exchangers, and electrodes [4]. Closed-cell foams are made by compacting
alloy powder and foaming agents such as TiH», CaCO3, and others [5]. They can be made
with hot compaction or extrusion. After that process, samples are heated depending on the
foaming agent. Titanium hydride’s decomposition temperature is close to the melting point
of aluminium alloy thus making it an optimal foaming agent. Calcium carbonate, however,
is much cheaper and, due to higher decomposition temperature, requires no pre-treatment
which leads to lower production costs [6,7, §8].

Movahedi et. al. proved that foaming with calcium carbonate gives smaller pores, even
though temperature, foaming time, and CaCOs concentration were higher. Foams produced
with CaCOs3 have greater compression strength and energy absorption, but lower density
[9]. Sudharsan et. al. proved that adding Mg and Cu, increased the wettability and stability
of the foams. It is important to avoid premature gas release[10]. Wang et al. used the pre-
oxidation process by heating TiH2 to postpone gas release at lower temperatures[11].
Carbon dioxide gas stabilizes the foam and prevents coagulation. The difference between
TiH2andCaCOsfoaming agents is that CaCO3 has a greater decomposition temperature
which is needed for the foaming process[12,13].

The most common starting material for aluminium foam production is aluminium powder.
The costs associated with this base material lead to a drastic increase in the overall
productioncost[14]. Using chips that are a by-product of the different machining processes
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could significantly decrease the production cost of these types of materials. The main
challenge in producing foams from aluminium chips is the mixing of larger alloy chip waste
and small powder grains of foaming agents. Tsudaet al. analyzed the influence of different
base materialson pore sizes. Their researchconcluded that foams produced with powder
alloy havea more homogeneousstructure than foams produced using alloy chip waste [15].
The goal of this paper is to analyze the expansion and shape of aluminium foam pores
produced using different weight percentages of CaCOsfoaming agent. This paper is an
extension of the previous article in which differences between foaming with TiH, and
CaCOs were given [16].

2. EXPERIMENTAL WORK

Materials used for foam productionwere aluminium alloy chips A360 and AA 7075. Chips
were produced on vertical machining center Spinner VC 560.The cutting tool and cutting
parameters used for chip production of both alloys were the same to keep the chip
dimensions comparable. The samples were split into groups: first to be compacted and
second to be extruded. A certain percentage of foaming agent (CaCOs3) and stabilizing
agents (CaO or Zn) was mixed with the aluminium alloy chips. The correct weight
percentages of the foaming and stabilizing agents are shown in Table 1. Firstly, the mixture
of both groups was cold compacted with a force of 400kN.Compression force was measured
with the HBM load cell C6A 1MN sensor.

Table 1. Production parameters

Sample Foaming and Foaming Foaming
numger Process Alloy stabilizing temperature time
agent (°C) (min)
. 5%CaCOs3
1 Extrusion A360 2% 7n 800 15
. 5%CaCOs3
2 Extrusion AA 7075 2% 7n 800 15
. 5%CaCOs3
3 Extrusion A360 2% Ca0 800 15
. 5%CaCOs
4 Extrusion AA 7075 + 29 CaO 820 15
. 5%CaCOs
5 Extrusion A360 + 2% 7n 820 15
. 5%CaCOs
6 Extrusion AA 7075 +2% 7n 820 15
. 3% CaCOs
7 Compaction A360 + 2% 7n 800 20
. 3% CaCOs
8 Compaction AA 7075 Y 2% 7n 800 20

After cold compacting, the samples from the first group were hot compacted. The process
started with heating in the furnace for 20 minutes at a temperature of 420 °C. The furnace
used to heat the sample was Demiterm Easy 9. After the heating process, the sample was
put in the hydraulic press. The mould used for the compression was heated to 400 °C. After
that, the sample was hot pressed with a force of 400 kN. Omron temperature regulator ESCC
and a relay G3PE-225B DC12-24 were used for measuring the temperature. Finally, the
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samples were placed in a mould with a diameter of 40 mm and heated to foaming
temperatures.

The second group of samples was hot extruded with previous heating in the furnace at the
same temperature as the first group. They were also foamed at similar temperatures which
are visible in Table 1. The mould used for the foaming of the second group was 22 mm in
diameter.

Relative density can be calculated as a ratio of foams density (ps) and the density of
aluminium alloy (ps)[17].

p="=L (1)

3. RESULTS

Table 2. shows the results of the calculated relative density. It can be seen that the density
of compacted samples is higher in comparison with extruded samples. The main reason is
the higher percentage of CaCOs in the extruded samples. In comparison with the previous
research [16], relative densities are as low as 0,26. The important difference between these
two analyses is the addition of Zn as a stabilizing agent.

It can be concluded that Zn promotes higher expansion, even though the amount of foaming
agent is very low at just 3%. There is a small difference in relative density comparing two
alloys A360 and AA 7075 with the same temperature and time of foaming. Because of the
higher decomposition temperature of CaCOs3, different liquidus temperatures of aluminium
alloys are not an influencing factor in the process.

From Table 2 be concluded that foams with the addition of CaO have the highest density
of extruded samples. Because of that, this stabilizing agent was not used in the process of
compaction. High relative densities with CaO can be attributed to the high oxide level in
the material during foaming that prevents foam expansion. Oxides help to stabilize the
foams, but in this process, they are already present after the decomposition of calcium
carbonateinto COx.

Table 2. Relative density

Sample number Process Alloy S tl;g) fﬁrzlﬁllg :gsn " Relative density
I Extrusion A360 D 0,26
2 Extrusion AA 7075 D 0,286

.
3 Extrusion A360 i?%aga% 0,41
4 Extrusion AA 7075 f/z"%agg(; 0,39
5
5 Extrusion A360 > f’ch,/icz?f 0,337
6 Extrusion AA 7075 Sff’g;cz?l 3 0,289
7 Compaction A360 3°f 2((:)/210CZ?13 0,442
8 Compaction AA 7075 3°f ;Zcz?f 0,53
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Comparing samples 1 and Swhich are made of A360, it can be concluded that higher density
is achieved when using a higher temperature of 820 °C. The reason for this can be the
coagulation of foams at higher temperatures and the same foaming times, Figure 1.
Similar results are found in samples 2 and 6 even though this difference is far lower. At
lower temperatures, sample 2 with AA 7075 has a higher relative density than sample 1.
When comparing samples foamed at a higher temperature, the opposite was observed. This
can be due to the end of the expansion of A360 at a lower temperature. After that, foam
coagulates and leaks, and the density rises.

1 (A360) 2 (AA 7075) 3 (A360)

4 (AA 7075) 5 (A360) 6 (AA 7075)

7(A%0)

Figure 1 Microstructure of samples
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Sample 4, made with CaO, has a structure that is horizontal with the foaming direction.
This foam has no rounded and homogenous pores, Figure 1. It is also similar to sample 3
which has only a few larger pores directed in the same way as sample 4. Because of this
inhomogeneous structure of foams, CaO was not used as a stabilizer for the compacted
samples. As it was mentioned previously, calcium carbonate decomposes to CO> and the
addition of CaO raises the viscosity of samples. Generally, oxides to one limit act as
stabilizing agents, however, the viscosity in this sample is too high and prevents grow of
foams.

Samples with zinc as a stabilizing agent have more rounded pores and structure that is not
directed in one way. The first sample has the most homogenous structure out of the extruded
samples. It can be concluded that A360 is more convenient for foaming with this stabilizing
and foaming agent than AA 7075. That is confirmed by Figure 1, where samples 1, 5, and
7 have a more rounded structure. Samples 7 and 8 have rounded pores that are not directed.
A more uniform structure was obtained due to a lower concentration of CaCOs. Several
larger pores can be related to powder accumulation at the beginning of the process.

4. CONCLUSION

In this paper production of aluminium foams using various production processes and

stabilizing agents were analyzed. Aluminium A360 and AA 7075 chip waste were used in

the foaming process together with CaCOj3 as a foaming agent. Additionally, Zn and CaO
were used as stabilizing agents. Analyzing the pores and relative densities of the produced
foams, the following was concluded:

— Samples with CaOhad an inhomogeneous structure that is related to higher oxide levels
in the foam. Oxides act as stabilizers, but with a higher percentage, they raise the
viscosity and prevent expansion.

— Zinc helps to stabilize the foams, and using this agent pores are more rounded than in
samples 3 and 4 with CaO.

— Foams 7 and 8 had the highest density because of the lower CaCO3 percentage.
Rounded pores were also observed.

— The higher temperature of foaming leads to higher relative density. That can relate to
an increase in pore diameter which can cause coagulation and leakage.

— At lower temperatures, sample 1 with A360 has a lower density than sample 2 with AA
7075, and at higher temperatures, there is a higher density with A360 foam.

5. ACKNOWLEDGMENT
This research has been supported by The Croatian Science Foundation through the project
ALURECSS (IP-2020-02-8284).

6. REFERENCES

[1] Ashby M. F., Evans A., Fleck N. A., Gibson L. J., Hutchinson J. W., Wadley H. N.: Metal
foams: a design guide, vol. 23, no. 1. 2002.

2] Prados MartinE.: Microstructural parameters affecting the compressive response of closed-
cell aluminum foams, Mech. Adv. Mater. Struct., vol. 0, no. 0, pp. 1-20, 2021, doi:
10.1080/15376494.2021.1872747.

[3] Ali H., Gabora A., Naecem M. A., Kalacska G., Mankovits T.: Effect of the manufacturing
parameters on the pore size and porosity of closed-cell hybrid aluminum foams, Int. Rev.
Appl. Sci. Eng., vol. 12, no. 3, p. 230, 2021, doi: 10.1556/1848.2021.00262.

[4] Bisht A, Gangil B.: Structural and physicomechanical characterization of closed-cell
aluminum foams with different zinc additions, Sci. Eng. Compos. Mater., vol. 25, no. 4, pp.
789-795, 2018, doi: 10.1515/secm-2016-0307.

[5] Karuppasamy R., Barik D.: Production methods of aluminium foam: A brief review,Mater.

41



[6]

[7]

[8]

[9]

42

Today Proc., vol. 37, no. Part 2, pp. 1584—1587, 2020, doi: 10.1016/j.matpr.2020.07.161.
Papadopoulos D. P., Omar H., Stergioudi F., Tsipas S. A., Michailidis N.: The use of
dolomite as foaming agent and its effect on the microstructure of aluminium metal foams-
Comparison to titanium hydride, Colloids Surfaces A Physicochem. Eng. Asp., vol. 382, no.
1-3, pp. 118-123, 2011, doi: 10.1016/j.colsurfa.2010.12.005.

An J., Chen C., Zhang M.: Effect of CaCO3 content change on the production of closed-cell
aluminum foam by selective laser melting, Opt. Laser Technol., vol. 141, no. November
2020, p. 107097, 2021, doi: 10.1016/j.optlastec.2021.107097.

Kevorkijan V., Skapin S. D., Paulin I., Sustarsic B., Jenko M.: Synthesis and
Characterisation of Closed Cells Aluminium Foams Containing Dolomite Powder As
Foaming Agent, Mater. Tehnol., vol. 44, no. 6, pp. 363-371, 2010.

Movahedi N., Mirbagheri S. M. H.: Comparison of the Energy Absorption of Closed-Cell
Aluminum Foam Produced by Various Foaming Agents, Strength Mater., vol. 48, no. 3, pp.
444-449, 2016, doi: 10.1007/s11223-016-9783-y.

N. Sudharsan, T. Rajasekaran, and G. S. Vinod-Kumar, “Optimizing the hot compaction
parameters of Al-Mg-Cu foams processed through elemental powder route,” /OP Conf- Ser.
Mater. Sci. Eng., vol. 402, no. 1, 2018, doi: 10.1088/1757-899X/402/1/012202.

Wang H., Zhu D. F., Hou S., Yang D. H., Nieh T. G., Lu Z. P.: Cellular structure and energy
absorption of Al-Cu alloy foams fabricated via a two-step foaming method, Mater. Des.,
vol. 196, 2020, doi: 10.1016/j.matdes.2020.109090.

Jaafar A. H., Al-Ethari H., Farhan K.: Modelling and optimization of manufacturing calcium
carbonate-based aluminum foam, Mater. Res. Express, vol. 6, no. 8, 2019, doi:
10.1088/2053-1591/ab2602.

Praveen Kumar T.N., Venkateswaran S., Seetharamu S.: Effect of Grain Size of Calcium
Carbonate Foaming Agent on Physical Properties of Eutectic Al-Si Alloy Closed Cell Foam,
Trans. Indian Inst. Met., vol. 68, no. 1, pp. 109—-112, 2015, doi: 10.1007/s12666-015-0631-
8.

Kumar G. S. V., Garcia-Moreno F., Banhart J., Kennedy A.: The stabilising effect of oxides
in foamed aluminium alloy scrap, Int. J. Mater. Res., vol. 106, no. 9, pp. 978-987, 2015, doi:
10.3139/146.111255.

Tsuda S., Kobashi M., Kanetake N.: Producing technology of aluminum foam from
machined chip waste, Mater. Trans., vol. 47, no. 9, pp. 2125-2130, 2006, doi:
10.2320/matertrans.47.2125.

Grgi¢ K., Lela B., Jozi¢ S., Krolo J.: Aluminium foams made of various aluminium alloys
scrap and various foaming agents, Mechanical Technology and Structural Materials. pp. 37—
42,2022.

Farahani M. R., Rezaei Ashtiani H. R., Elahi S. H.: Effect of Zinc Content on the Mechanical
Properties of Closed-Cell Aluminum Foams,Int. J. Met., 2021, doi: 10.1007/s40962-021-
00635-2.



14t Scientific/Research Symposium with International Participation
»METALLIC AND NONMETALLIC MATERIALS*, B&H, 27%-28%" April 2023

MANUFACTURING AND CHARACTERIZATION OF Ti6Al4V
ALLOY BY SELECTIVE LASER MELTING

Matija Zorc, Ales Nagode, Maja Pogacar, Blaz Karpe, Borut Kosec, Milan Bizjak
University of Ljubljana, Faculty of Natural Sciences and Engineering
Ljubljana, Slovenia

Keywords: additive manufacturing, selective laser melting, Ti6Al4V alloy, mechanical
properties, microstructure

ABSTRACT

Titanium and its alloys, particularly Ti6Al4V, are widely used, especially in aerospace and
medicine due to their relatively low density, high strength, and good corrosion resistance. However,

there are formidable challenges in casting, forming, and machining titanium alloys, which result in

final products that are considerably more expensive. Additive manufacturing is considered one of
the most promising technologies for metallic materials due to its ability to produce complex
geometries with high density and accuracy in a short amount of time. It allows the manufacturing
of products with complex geometries that cannot be made with traditional metallurgical processes.

One of the most widely used technologies for alloys is selective laser melting (SLM).

The most favourable conditions to be used during SLM process for Ti6Al4V alloy powder have been

determined in this research. This was done by using process maps and the effect of different process
parameters on the mechanical properties and microstructure of SLM samples from Ti6Al4V alloy
powder. Three different laser powers and four different scanning speeds were used and the process
maps of hardness and porosity were created. With these results, the optimal parameters with the
highest hardness and the lowest fraction of porosity in the SLM Ti6AI4V samples were determined.

1. INTRODUCTION

Ti6Al4V is the most useful (a+P) titanium alloy, owing to its high strength, fracture
toughness, low density, and excellent corrosion resistance. Traditional metallurgical
processes used in the making of this alloy are expensive and difficult. Additive
manufacturing allows the creation of complex shapes, which cannot be made in the
traditional way. Selective laser melting (SLM) is one of the most commonly used additive
manufacturing techniques (Figure 1). It is used for the production of metallic, ceramic, and
composite components. This method often creates defects in the material such as porosity
and cracks, but can also create high residual stresses. It is known that the shape and
orientation of pores strongly influence the ductility of the material and that they act as
nucleation sites for microcracks [1,2,3,4]. Microstructures of SLM-produced parts are
different from those in parts made with traditional techniques. This is due to differences in
solidification and cooling rates and is evident in different crystal grain sizes.
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Laser beam

Powder overflow

piston

Figure 1. SLM method. Copyright 2019 by Elsevier [5]

There are many parameters at play during the SLM process, which need to be balanced for
the best properties of the manufactured part: type of laser, laser intensity/power, laser beam
diameter, scanning speed, hatch spacing, layer thickness, scanning strategy (Figure 2a)
[6,7,8,9]. Regarding the material, these parameters are important as well: chemical
composition, fluidity of the powder, density of the powder, absorption capability, and the
distribution, shape and size of powder particles [6,7,8]. Three types of building direction
are presented in Figure 2b.

(a) (b)
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Figure 2. (a) Visualization of parameters during SLM process. Copyright 2015 by American
Institute of Physics Publishing [10]; (b) Types of building direction. Copyright 2014 by Elsevier
[11]

Microstructures of SLM manufactured samples from Ti6Al4V alloy are known to
predominantly consist of acicular martensite o', which grows from columnar 3 grains
(Figure 3). Its presence provides the part with high tensile strength, but at the same time
makes it more brittle and less ductile. Especially the ductility is, compared to the samples
created by traditional metallurgical techniques, drastically lower.

44



;:;,;" {;1‘

Direction of B crystal grains
7
N

Building direction

Figure 3. Typical microstructure in SLM manufactured Ti6AI4V sample [12]

2. EXPERIMENTAL WORK

The powder is commercially available and was bought on the market. Experimental work
consisted of chemical analysis with ICP-OES, fluidity of the powder, which was measured
according to the ASTM B213 standard, apparent density according to the ASTM B212
standard, angle of repose according to the ASTM Cl1444 standard, and tap density
according to the ASTM B527 standard. The powder was spherical and had an average
diameter of 24 um (Figure 4).

‘ﬁ:‘ HV mag & | mode det | WD spot v
XY 2000kV 500x | SE ETD 10.2721 mm 4.5

Figure 4: SEM photo of the used Ti6Al4V powder
Following the analyses, the samples were produced using the SLM method. Three different

laser powers and four different scanning speeds were used. Other parameters remained
constant. The parameters are shown in Table 1.
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Table 1. Parameters used during experimental work

Laser power | Scanning Layer Hatch Laser beam
Sample P speed v thickness t spacing H diameter d
[W] [mm/s] [nm] [nm] [nm]

MP300/400 300 400 30 30 60
MP300/600 300 600 30 30 60
MP300/800 300 800 30 30 60
MP300/1000 300 1000 30 30 60
MP200/400 200 400 30 30 60
MP200/600 200 600 30 30 60
MP200/800 200 800 30 30 60
MP200/1000 200 1000 30 30 60
MP100/400 100 400 30 30 60
MP100/600 100 600 30 30 60
MP100/800 100 800 30 30 60
MP100/1000 100 1000 30 30 60

The samples were modeled in Solidworks and printed using Aconity 3D MINI printer
located at the Institute for Materials and Technology in Ljubljana (Figure 5a). Samples were
later metallographically prepared for microstructural analyses. These were done with
ZEISS Imager Z2mlight microscope and Thermo Fisher Scientific FEGSEM Quattro
scanning electron microscope, equipped with an EDS detector by Oxford Instruments
located at the Department of Materials and Metallurgy at the Faculty of Natural Sciences
and Engineering (University of Ljubljana) (Figure 5b). Hardness tests were performed
using HV1 Vickers method. Tensile tests were performed according to the SIST EN ISO
6892-1 A224 standard. Samples were tested based on their building direction (XZ and XY

(Figure 2b)).

(a)

Figure 5. (a) Light microscope ZEISS Imager Z2m, (b) Electron microscope Thermo Fisher
Scientific Quattro with an Oxford Instruments EDS detector
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3. RESULTS

The chemical analysis has shown that the powder consists of 6,1wt% Al, 3,8 wt% V, and
0,22 wt% Fe with the remaining amount consisting of Ti. Other characteristics of the
powder were also measured: fluidity was on average 2,05 g/s, tap density 2,56 g/cm?, angle
of repose 53,75°, and apparent density 2,43 g/cm?.

The results show that the hardness achieves the largest value at 200 W and 1000 mm/s
(Figure 6). Meanwhile, the proportion of porosity is by far the highest when 300 W of laser
power and 800 mm/s scanning speed are used (Figure 7). This could be a consequence of
reusing the powder. It is also worth noting that the porosity was not so severe across the
whole sample. The region with the worst porosity was chosen to be presented as it could
affect the properties of the manufactured part if ignored. Based on these results two

combinations of parameters were chosen for further testing (200 W/400 mm/s and 200
W/1000 mm/s).
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Figure 6. Hardness values at different parameters [HV1]
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Figure 7. Porosity proportion at different parameters
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MP200/400

MP200/1000

The microstructures of both samples consist of martensite o', which has grown from the
grain boundaries of elongated columnar B grains. These are oriented in the building
direction. With higher scanning speeds, the columnar 3 grains become thinner (Figure 8).
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Figure 8. Microstructures in samples produced with chosen parameters - optical microscope

Microstructural analysis with SEM makes needles of acicular martensite o' more clearly
visible. They have a “fishbone” shape, which is caused by the changes in the scanning
direction. The martensite is much more pronounced at higher scanning speeds (Figure 9).
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Figure 9. Microstructures in samples produced with chosen parameters — SEM
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The MP200/400 sample also had its tensile strength measured (Table 2). Three
measurements were performed per building direction (XZ and XY). Samples built in XZ
direction have an average tensile strength of 1185,67MPa, while those built in XY direction
have an average of 1251,67 MPa. The average elongation was 5,7 % for XZ samples and

3,03 % for XY samples. The tensile strengths of similar samples found in the literature are
between 1000 MPa and 1200 MPa [13,14,15].

Table 2. Tensile test results for MP200/400 sample

Length Final length Tensile strength Elongation
MP200/400 Lo[mm] Ly [mm] Rm [MPa] A [%]
XZ1 30 31,92 1170 6.4
X72 30 32,00 1176 6,7
X7Z3 30 31,21 1211 4
Average 1185,67 5,7
XY1 30 30,69 1250 2,3
XY2 30 30,89 1270 3,0
XY3 30 31,14 1235 3.8
Average 1251,67 3,03

4. CONCLUSIONS

Samples from Ti6Al4V alloy in a powder form were produced using the SLM method.

Different parameters were used and their effect on the properties analysed. Based on the

experimental work the following conclusion can be made:

— Based on the hardness and level of porosity, the best parameters are 200 W of laser
power and a scanning speed of 400 mm/s.

— Both of these parameters affect hardness more than they do porosity, except at 300 W
of laser power and 800 mm/s scanning speed, which is an anomaly, that could be caused
by reusing the powder.

— The Microstructure of Ti6Al4V samples consists of o' in the form of needles, which
grow from the grain boundaries of prior columnar B grains. The width of B grains
depends on the scanning speed.

— The tensile strength of Ti6Al4V samples is between 1000 MPa and 1300 MPa. Their
ductility is low. This is caused by the acicular martensite and residual stresses.

— The building direction affects the mechanical properties. The tensile strength of the
samples built in XY direction was 66 MPa higher than that of samples built in XZ
direction.
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ABSTRACT

This article deals with the analysis of the adsorptive properties of the waste produced during the
shot blasting of castings in foundries. During this process, particles of moulding mixture and
scale that remained on the surface of the casting after removal from the mould are removed. Since
this waste contains particles of moulding mixture (SiO,, carbon, ...) and scale (i.e. iron oxides),
which as individual components are known as satisfactory adsorbents, its adsorption properties
towards Cu(ll) ions in aqueous solution were investigated. The obtained results show that the
investigated waste has a significant adsorption capacity for binding Cu(Il) ions.

1. INTRODUCTION

Casting is one of the oldest processes that man uses to shape metal. With this process,
metal objects, i.e. castings of different shapes, dimensions and mass, chemical
composition and mechanical properties are obtained relatively quickly according to
customer requirements. Precisely because of these possibilities, the production of castings
in the world is growing. In 2020, 105.5 million tons of castings were produced in the
world [1]. However, the production of castings is not a completely ecological way of
production. Due to the large number of materials used during production (sand, binder,
etc.) and partial processing of castings (cleaning (shot blasting), grinding), as well as due
to mass production, considerable amounts of various hazardous and non-hazardous waste
are generated. Part of the non-hazardous waste is returned to production, while the rest
cannot be reused and is disposed of in landfills. In order to reduce disposal, today non-
hazardous waste from foundries is being researched a lot in terms of its further use. Very
often, waste moulding mixture and slag are used in construction, but also in road
construction [2,3]. In addition, tests of the adsorption properties of waste foundry
materials are very widespread [4-7]. This type of research and the possibility of using it
for the purpose of adsorption is certainly very significant since this type of waste usually
consists of metal oxides, such as SiO,, Al,O3;, MgO, CaO, FeO, Fe,Os (sand, slag, scale,
waste after shot blasting), clay (binders) and carbon-based materials (various additives to
improve the properties of the moulding mixture) which are known as good adsorbents.

In this article, using equilibrium adsorption models, waste after shot blasting was
investigated as a potential adsorbent for the removal of Cu(Il) ions from aqueous
solutions.

2. MATERIALS AND METHODS

The waste produced during the shot blasting of castings was used as an adsorbent in this
article. The shot blasting process consists of hitting shot pellets of appropriate dimensions
on the surface of the casting, during which the scale, i.e. metal oxides and particles of the
moulding mixture that remain on the casting after removing the casting from the sand
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mould, are removed. Since the steel pellets hit the surface of the casting at high speed,
some of them are damaged and due to the inappropriate granulometric composition, they
can no longer be used for shot blasting. Damaged shot pellets, scale and sand that have
fallen off the surface of the casting constitute waste. This type of waste and Cu(Il) ions
from the aqueous solution were used to form an adsorption system for the batch
adsorption process.

For the experiment, 1 g of waste after shot blasting was used, which was placed in contact
with 50 ml of a solution of Cu(Il) ions of different concentrations (10, 30, 50, 70 and 100
mg/l). The research was carried out at a temperature of 22 °C and a pH of 5.69. After
dynamic equilibrium was established (20 minutes), filtration was performed, and the
concentration of Cu(Il) ions in the obtained filtrates was determined by atomic absorption
spectrometry.

From the data for the initial concentration of Cu(Il) ions, the concentration of Cu(Il) ions
after adsorption (in the filtrate), the mass of the adsorbent and the volume of the
adsorbate, the adsorption capacity g. was determined according to the following equation

[8]:

c,—¢

q. = =V (1)

m
where is:

o - initial mass concentration of Cu(Il) ions in the solution, mg/I,

¢. - equilibrium mass concentration of Cu(Il) ions in the solution, mg/I,
m - the mass of waste after the shot blasting, g,

V' — a volume of the solution of Cu(II) ions, 1.

Several adsorption isotherms models were used for the equilibrium study, and their
mathematical models are presented in Table 1.

Table 1. Mathematical representation of the isotherms used to describe the equilibrium data of the
adsorption system waste after shot blasting/Cu(Il) ions [9]

Isotherm model Mathematical representation
K, c
Langmuir q, = Inl1C
1+K,c,
Freundlich g, =K.c!"
Dubin-Radushevich q.=q, exp(‘k'fz)
. _ q.
Eadie-Hoffstee e =949n —
KCCE
RT RT
Temkin q, =—mhK, +—Inc,
b T b T

3. RESULTS AND DISCUSSION

The study of adsorbent-adsorbate interactions is very important for the potential
application of the investigated adsorbent. Most often, this interaction is studied through
the adsorption capacity, and the experimental data are processed with different adsorption
models, whereby a more detailed insight into the adsorption process is obtained.

Figure 1 shows the equilibrium state of the adsorption system waste after shot
blasting/Cu(Il) ions via the dependence g.= f(ce).
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Figure 1. The equilibrium state of adsorption system waste after shot blasting/Cu(Il) ions

It can be seen from Figure 1 that the waste after shot blasting shows the appropriate
adsorption affinity towards Cu(Il) ions. By increasing the concentration of ions in the
solution, the adsorption capacity increases and at a concentration of 100 mg/l it reaches
slightly more than 2 mg/g. An increase in the concentration of Cu(Il) ions favours
adsorption since more Cu(Il) ions are available in the solution and, at the same time there
are a lot of free places on the surface of the adsorbent, which is also an important factor in
adsorption. This adsorbent-adsorbate behaviour is expected and is consistent with the
behaviour of other waste materials that are being investigated as potential adsorbents [10 -
12].

However, from these data it is not possible to conclude about the type and method of
adsorption (chemical or physical). For this reason, the equilibrium experimental data were
processed using five isotherms models: Langmuir, Freundlich, Dubin-Radushevich,
Eadie-Hoffsteev and Temkin according to the equations shown in Table 1.

Figures 2 - 6 graphically show the used adsorption isotherms models.
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Figure 2. Langmuir adsorption isotherm model for the system waste after shot blasting/Cu(Il)
ions
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Figure 3. Freundlich adsorption isotherm model for the system waste after shot blasting/Cu(Il)
ions
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Figure 4. Dubin-Radushevich adsorption isotherm model for the system waste after shot
blasting/Cu(Il) ions
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Figure 5. Eadie-Hoffstee adsorption isotherm model for the system waste after
shot blasting/Cu(Il) ions
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Figure 6. Temkin adsorption isotherm model for the system waste after shot blasting/Cu(Il) ions

In order to choose the isotherm model that best describes the investigated system, the so-
called fitting is usually used. There are numerous parameters that are used to assess the
quality of fitted experimental data: coefficient of determination (R®), mean absolute
relative error (MARE), root mean squared relative error (RMRSE), Marquardt’s per cent
standard deviation (MPSD), hybrid fractional error function (HYBRID), average relative
error (ARE), average relative standard error (ARS), sum squares errors (ERRSQ/SSE),
the standard deviation of relative errors (SRE), Spearman’s correlation coefficient (ry),
nonlinear chi-square test (Xz).
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In this article, the coefficient of determination was used to assess the quality of the fitted
experimental data. Table 2 shows the coefficients of determination for all used isotherms
models.

Table 2. Coefficients of determination for all used isotherms models (system waste after shot
blasting /Cu(ll) ions)

Isotherm model Coefficients of determination, R
Langmuir 0,997
Freundlich 0,962
Dubin- Radushevich 0,971
Eadie-Hoffstee 0,886
Temkin 0,974

A comparison of the coefficients of determination (Table 2) shows that all coefficients are
> (.64, which means that all isotherms models can be used to describe the adsorption of
the system waste after shot blasting/Cu(Il) ions [13]. This conclusion coincides with
literature definitions of certain isotherms, according to which the Langmuir adsorption
isotherm indicates that adsorption is limited to the formation of only one adsorbate layer.
It is also based on the assumption that all active sites have the same affinity for adsorbate
molecules. In addition, if the Langmuir isotherm describes the investigated system well, it
is assumed that adsorption takes place as chemisorption. Temkin model also indicates that
adsorption is the result of the chemical bonding of adsorbate. According to the Freundlich
and Dubin-Radushevich isotherms, adsorption takes place on a heterogeneous surface [9].
The data obtained in this research are in accordance with the literature claims mentioned
above. Namely, the waste after shot blasting is very heterogeneous due to its composition,
so the description of adsorption by the Freundlich and Dubin-Radushevich models is
appropriate. It can be seen from Figure 1 that the adsorption capacity is constantly
increasing, which indicates that desorption does not occur. Adsorption in which
desorption does not occur is the result of chemical binding in one layer of adsorbent and
adsorbate, which is in accordance with Langmuir and Temkin theory.

4. CONCLUSION

Based on the conducted research, the following can be concluded:

adsorption of Cu(Il) ions on the waste after shot blasting is possible under the tested

conditions,

— as the concentration of Cu(Il) ions increases, the adsorption capacity increases, since
more Cu(Il) ions are available in the solution, but there are also a lot of free places on
the surface of the adsorbent,

— all investigated isotherms models (Langmuir, Freundlich, Dubin-Radushevich, Eadie-
Hoffstee and Temkin) can be used to describe the adsorption system waste after shot
blasting/Cu(Il) ions. However, the Langmuir model best describes the examined
system,

— since the Langmuir model best describes the examined system, it can be concluded
that adsorption takes place as chemisorption, in one layer on a heterogeneous surface.
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ABSTRACT

The production of titanium is very expensive, so it is interesting to research technologies
that require lower costs, such as the HDH hydrogenation-dehydrogenation process
technology, which is used for cheaper powder production from the waste material of
titanium alloys.

This paper presents the hydrogenation procedure of a recycled piece of the Ti6AI7Nb
titanium alloy. Hydrogenation was carried out in a furnace for heat treatment at about
700°C in a hydrogen atmosphere. After hydrogenation, samples of the Ti-AlI-Nb type alloy
were mechanically crushed by the grinding process to a granulation below 120 um.

1. INTRODUCTION

Titanium alloys are considered advanced and high-value materials due to their special
properties and high production cost.

Titanium alloys are often used in the aerospace, automotive, and medical industries, due to
their high strength/weight ratio, corrosion resistance, biocompatibility, and low thermal
expansion characteristics. These alloys have a high strength/density ratio, and good
mechanical properties at elevated temperatures up to 550 °C.

In addition to structural efficiency, Ti alloys are characterized by high corrosion resistance
and do not cause chemical or immunological reactions in the human body. That is why they
are successfully used for making implants and joint prostheses, but also for other purposes
in surgery, dentistry, and other fields of medicine [1].

The disadvantage of using titanium alloys is the extremely high cost of raw materials, as
well as the difficulties in machining this material into the final geometry. Thanks to
techniques of "eliminating" machining, such as powder metallurgy, the loss of this
relatively expensive material is reduced, and it is possible to obtain products with
complicated shapes.
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In this meaning, the HDH - hydrogenation-dehydrogenation process technology for
obtaining titanium powder, which belongs to the range of recycling technologies, is of
particular interest.

2. HDH TECHNOLOGY

The production of titanium powder is very expensive, so it is of interest to research
technologies that require lower costs, such as recycling technologies. One such technology
is the HDH process, which is used to produce powders from titanium alloy waste material
that is not usable any more for medical purposes.

The HDH technology is based on hydrogenation and dehydrogenation processes based on
a reversible reaction:

M + H; &MH;
The course of this reaction depends on the pressure of hydrogen gas. If the pressure is above
the equilibrium pressure, hydrogen atoms enter the titanium materials and form a metallic
hydrate, and if it is below this level, hydrogen atoms diffuse from the metal into the gas
atmosphere [1,2].
Enrichment of materials based on titanium alloy with hydrogen by the hydrogenation
process leads to an increase in the brittleness of the material, which can later be broken,
that is, crushed to powder granulation under certain mechanical loads (usually with balls).
The subsequent dehydrogenation process of the resulting powder aims to improve its
properties, especially ductility.
The hydrogenation process is carried out by exposing titanium alloy waste to hydrogen gas
at an elevated temperature. Hydrogenation is usually carried out in a furnace capable of
operating with a protective atmosphere containing H>. Titanium alloys can be hydrated at
atmospheric pressure and temperatures lower than 800 °C, forming titanium hydrides.
Titanium alloy waste is subjected to the hydrogenation process in a controlled hydrogen
atmosphere in a chamber/furnace at a temperature between 550 °C and 800 °C from one to
ten hours or longer, depending on the size of the pieces and the properties of the waste [1].
Operating conditions in the furnace should be adjusted to result in a hydrogen content in
the waste between 1% and 2%. A higher hydrogen content than the above can be
unfavorable. Also, the lower hydrogen content will not produce sufficient brittleness of the
waste to enable easy and economical method by conventional milling processes. An
example of an experiment for the production of powder by the HDH process is given in
Figure 1.
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Figure 1. Example of an experiment for the production of titanium powder by the HDH
process [2]

In the hydrogenation process, titanium alloy powder with unchanged chemical
composition, with irregular particle shape, is obtained, Figure 2.

Figure 2. Titanium powder with irregular particle shape after the HDH process [2]

3. EXSPERIMENTAL PART

3.1. Titanium alloy type TiAl6Nb7

The Ti6AI7ND type titanium alloy has the best corrosion resistance of all Ti-alloys. The
alloying elements Al and Nb make the alloy more stable. This alloy in the presence of
oxygen spontaneously forms a passive oxide film <1-2 nm thick of titanium oxide or mixed
oxide TiO; (with Ti, Al, and Nb metal components). This protective layer is completely
biocompatible and does not cause allergic reactions within the body or in contact with it.
The subject of the research is a titanium alloy of the designation EN, TiAI6Nb7/ASTM, F
1295, which was developed for medical use when the cytotoxic vanadium was replaced by
niobium. This alloy has high strength, corrosion resistance, and exceptional
biocompatibility. It does not cause chemical or immunological reactions in the human body
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and is widely used in medicine for the production of implants, prostheses, and their parts,
Figure 3.

A recycled piece of titanium alloy - screw-type consumable raw material, Figure 4, was
hydrogenated in a specially modified heat treatment furnace with a protective atmosphere
at the "Center for Advanced Materials" in Sarajevo.

Figure 3. Schematic representation of the
application of titanium alloys for medical

purposes [7]

Figure 4. Recycled piece of titanium alloy
for hydrogenation [7]

3.2.Chemical and mechanical properties of the alloy TiAlI6Nb7
The chemical composition of the TiAI6Nb7 alloy is presented in Table 1.

Table 1. Chemical composition of TiAI6ND7 alloy, in mass. %

C Al Nb Fe Ta O N H Ti
maks. maks. | maks. | maks. | maks.
max.0,08 | 5,5-6,5 | 6,6-7,5 0.25 0,50 0,05 0,009 0.5 ostalo

The mechanical properties of the TiAI6Nb7 alloy are presented in Table 2.

Table 2. Mechanical properties of TiAI6Nb7 alloy
Parameter Tensile strength Yield stress Elongation

Value > 900 MPa > 795 MPa >10%

4. RESULTS OF THE HYDROGENATION PROCESS
Hydrogenation, that is, temporary alloying with
hydrogen, was carried out at a temperature of about 700
°C in an electric resistance furnace. The sample was
treated in an atmosphere of nitrogen and hydrogen.
Figure 5 shows a heat treatment furnace with a
protective atmosphere that was used to simulate the
hydrogenation process at the "Center for Advanced
Technologies" in Sarajevo.

After hydrogenation, samples of the TiAI6Nb7 type
alloy were mechanically crushed by the milling process,
Figure 6, to a granulation below 125 pum, that is, with a
greater proportion of granulation below 60 pum, Figure
7.

In this process, the titanium alloy powder is obtained,

with an irregular shape of particles, but extremely

favorable granulations, with a significant share of

Figure 5. Hydrogenation
process in a heat treatment
furnace with a protective

atmosphere [8]
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Figure 6.Milling of hydrated Figure 7. Titanium powder after hydrogenation and
TiAI6Nb7 titanium alloy milling of TiAI6Nb7 titanium alloy

particle sizes below 60 um, which means that a "low-cost" high-value powder based on
titanium alloy can be obtained.

The hydrogenation process carried out was successful because the hydrated sample could
relatively easily be mechanically crushed to the powder. and to use in the dehydrogenation
process and obtain titanium powder with a satisfactory chemical composition.

5. CONCLUSION

— The process of hydrogenation of TiAlI6Nb7 type titanium alloy formed intermetallic
compounds of metal and hydrogen, so-called hydrides by absorbing a considerable
amount of hydrogen. The formed compounds led to the brittleness of this alloy, as it
was required.

— In this experiment, the necessary parameters for the hydrogenation process were
established according to the size of the recycled product, related to thermal treatment.

— The developed hydrogenation process was successful and the result was a hydrated
sample that could be crushed mechanically.

— Favorable particle sizes, mostly below 60 um, were achieved by milling the hydrated
sample.

— The results obtained in this research indicate the possibility of developing the HDH
procedure as an economic procedure for the production of "low-cost" high-value
powder based on titanium alloy.
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ABSTRACT

The particle shape and size of the starting powders represent the most important physical
properties, on which the quality of the compacts and final sintered products depends. Two types of
powder were analyzed in the paper - electrolytic copper powder with a dendritic particle shape and
water-atomized copper powder with an irregular particle shape. The starting powders were sieved
through a sieve system with openings of 45 um, 80 um, and 120 um. The characterization of the
obtained fractions of both powders was performed by determining the shape and dimensions of the
particles using SEM microscopy in combination with ImageJ software, and the apparent density
and flow rate were determined using the Hall flowmeter funnel. Pressing of each powder fraction
was done using a pressure of 600 MPa. The compacts were further sintered at 1000°C for 2 hours
to obtain the final sintered parts. After sintering, their density, hardness, and electrical conductivity
were determined and their microstructure was analyzed. The results indicate a great influence of
the characteristics of the starting powders on the properties of the final parts obtained by the
powder metallurgy route. The particle shape of the powders had a more pronounced influence
compared to the particle size.

1. INTRODUCTION

The powder metallurgy (PM) route includes obtaining the final products through compact
the starting powders and sintering them under controlled conditions. The main disadvantage
of the classical PM process is the impossibility of achieving a full density of final products,
due to their porosity, and that is why the mechanical properties of sintered parts are lower
[1,2]. Properties of sintered parts depend on the parameters such as characteristics of the
starting powders, compaction pressure, sintering temperature and time, etc. If the
compaction pressure, sintering temperature, and time are higher, the density is superior, and
the porosity is lower. Mechanical and electrical properties are also dependent on the density
and porosity, therefore, they increase with an increase in compaction pressure, sintering
temperature, and time, but all this increases the process cost [3].

In addition to the process parameters, the particle shape and size have a great influence on
all operations during obtaining parts using the PM route and on the quality of the final
sintered products. The particle shape has a large effect on the contacts between particles
and therefore has a significant influence on their behavior during pressing and sintering.
Generally, the compacts obtained from coarse powder particles have a higher density
compared with the compacts from fine powders [4].
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To obtain the required properties in the final sintered parts, a suitable combination of
process parameters is required [5,6]. This paper presents the effects of particle shape and
size of the starting copper powders, on the properties of powders, green compacts, and
sintered samples. In the case of powders, the evaluated properties were apparent density
and flow rate. In green compacts, density was evaluated, and in sintered samples hardness,
electrical conductivity, and microstructure of PM parts were discussed. To obtain samples
with different average particle sizes, water-atomized and electrolytic copper powders were
sieved and separated with sieves with openings of 45 um, 80 um, and 120 pm.

2. EXPERIMENTAL PART

Water-atomized copper powder (supplied by Centrochem) with an irregular particle shape
and electrolytic copper powder (supplied by Pometon) with a dendritic particle shape were
used as starting materials. Commercial powders were sieved to obtain fractions with a
narrow powder particle size distribution (in the range of about 40 um). The powders were
sieved on sieves with openings of 45 pum, 80 um, and 120 um. In this way, three fractions
were obtained: - 45 um, +45 pum - 80 um, and + 80 um - 120 pum. The powder's designations
are given in Table 1. The first letter in the designations indicates whether the powder was
obtained by water-atomization (A) or by electrolytic method (E). Other letters indicate the
range of particle sizes in that powder: very fine (VF) with particles below 45 um, fine (F)
with particles from 45 pm to 80 pm, and medium (M) with particles from 80 um to 120 pum.
This classification is based on the paper [7].

Table 1. The powder's/sample's designation

Fractions Atomized powders Electrolytic powders

- 45 A-VF (Atomized - Very Fine) E-VF (Electrolytic - Very Fine)
+ 45-80 A-F (Atomized - Fine) E-F (Electrolytic - Fine)
+ 80-120 A-M (Atomized - Medium) E-M (Electrolytic - Medium)

The characterization of the powders included the determination of the shape and
morphology of the particles, particle size distribution of powders, the apparent density, and
the flow rate of the powders. The shape and morphology of the particles were determined
using SEM "Tescan VEGA 3LMU" microscope. The average particle size and particle size
distribution of each powder were obtained based on SEM microphotographs, using the
image analysis software ImagelJ. The particle size was measured along the longest axis. The
apparent density and the flow rate of the powders were examined using the Hall flowmeter
funnel. The apparent density was done according to the ISO 3923 standard, and the flow
rate was according to the ISO 4490 standard [8,9].

The powders were further compacted on a hydraulic press "Mohr & Federhaff &
Losenhausen" with a pressure of 600 MPa. The compacts were sintered in a furnace
"Elektron ELP-08" in an atmosphere of argon at a temperature of 1000 °C for 2 h, to obtain
sintered parts. Density, hardness, and electrical conductivity were measured and the
microstructure was analyzed using optical microscopy. The hardness was measured using
"VEB Leipzig" Vickers hardness tester with a load of 10 kg. The device "Institute dr.
Forster Sigmatest 2.063" was used for measuring electrical conductivity. The optical
microscope used to observe the microstructures was "Carl Zeiss Jena Epytip 2".

3. RESULTS AND DISCUSSION

3.1 Characterization of powders

Figure 1 presents SEM microphotographs of copper powders with different sizes and shapes
depending on the obtaining method. The water-atomized powders (Figs. 1a-c) appear in an
irregular shape while the electrolytic powders show a typical dendritic shape (Figs. 1d-f).
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Figure 1. SEM microphotographs of copper powders (a) A-VF; (b) A-F; (c) A-M; (d) E-VF, (e) E-
F; () E-M

Figure 2 shows the average particle size and particle size distribution of atomized copper
powders A-VF, A-F, and A-M. The A-VF powder has the finest average particle size as
compared to others, which is 25.2 um. Powder A-F is coarser, with an average particle size
of 64.7 um. The powder A-M is the coarsest with an average particle size of 125.7 um.

ED- d =252 pum | =647 um

Number of particles
Number of particles

R - R SN
0 | o 0 T T T T T T T T T T
¢ W = A B0 sk 7 R0 0O 20 40 60 80 100 120 140 160

Particle size, pm Particle size, pm

a) b)

66



100

da =125,7 um

Number of particles

T T T T T 4 T
120 160 200 240 280
Particle size, um

c)

Figure 2. The average particle size (d.) and particle size distribution of atomized copper powders
(a) A-VF; (b) A-F; (c) A-M

Figure 3 shows the average particle size and particle size distribution of electrolytic copper
powders E-VF, E-F, and E-M. The E-VF powder has the finest average particle size, which
is 36.4 um. Powder E-F is coarser, with an average particle size of 51.7 um. The coarsest
electrolytic copper is E-M powder with an average particle size of 84.2 um.

Comparing the same fractions of atomized and electrolytic powder, it can be noticed that
VF atomized powder is finer than electrolytic one, while F and M atomized powders are
coarser than F and M electrolytic copper powders, respectively.

Figure 4 shows the apparent density and the flow rate of loose powders. The apparent
density of the metal powder is influenced by the theoretical density of the metal, the
granulometric composition of the powder, particle shape, surface and roughness of the
individual particles, particle packing, oxidation degree, and porosity. Generally, the
apparent density increases with an increase in particle size (this behavior was not shown in
this paper, but vice versa), if the particle shape becomes less spherical and more irregular
and with an increase in surface roughness [10].

8 . g

© d = 36,4 pm 5 da =51,7 um

g g

- k]

b o

& 2

S g

z pd

AR ARRRNANNNR SRR DG STy 0 N SRR AR .A;\I'}-'T\" , i
0 15 30 45 60 75 90 105 12¢C 0 20 40 60 80 100 120 140 1€
Particle size, pm Particle size, pm
a) b)

67



100
90+ d =842 um

Number of particles

R AR AR RN :I‘ NRNRN
0 30 60 90 120 150 180
Particle size, pm

c)

Figure 3. The average particle size (d,) and particle size distribution of electrolytic copper
powders (a) E-VF; (b) E-F; (c) E-M
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Figure 4. The apparent density and the flow rate of  Figure 5. The densities of green compacts and
loose powders sintered parts

It is generally observed that atomized copper powders have higher apparent densities and
flow rates compared to electrolytic powders. This is related to the shape of the particles. In
the case of dendritic electrolytic copper powder, the presence of bulges and dents in the
particle surface, as well as the increase in the specific surface area of the particles increase
the friction between particles, this makes it difficult to move the particles relative to each
other and causes poor packing of the dendrite particles. Because of that, atomized powders
have a higher apparent density and flow rate than dendritic powders [11,12].

The highest apparent density and flow rate are observed for A-VF powder (3.43 g/cm® and
23.32 s/50g, respectively). The lowest apparent density was achieved in E-F powder (only
1.22 g/cm?), while E-VF powder showed the lowest flow rate (186 s/50g).

3.2 Characterization of sintered parts

Figure 5 shows the results of measuring the densities of green compacts and sintered parts
from different types of powders. It can be concluded that the density of sintered parts
decreased compared to the density of green compacts. This is unusual behavior. The
expansion of the parts most likely occurred due to the reaction of residual gases in compacts
with the atmosphere in the sintering furnace, i.e. with residual oxygen inside the furnace.

68



Figure 6. Optical micrographs of sintered copper obtained from atomized powder (a) A-VF;
(b) A-F; (c) A-M

Sintered parts obtained from atomized copper powders have significantly higher density
values compared to parts obtained from electrolytic copper powders. In the case of parts
obtained from electrolytic copper powder, a clear tendency is observed that the density of
the parts increases with an increase in the particle size of the starting powder. The same
results were obtained by Chang and Wu [4]. This tendency is not expressed in parts obtained
from atomized copper powder.

Figure 6 shows the microstructures of sintered parts obtained from atomized powders with
different particle sizes. Polygonal grains with annealing twins are observed. The tendency
of grains and microstructure consolidation is observed with an increase in the particle size
of the starting powder from which the parts were obtained. Spherical pores are present at
the grain boundaries and within the crystal grains themselves. The porosity is indicated,
especially for the samples obtained from powders A-VF and A-M.
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Figure 7. Optical micrographs of sintered copper obtained from electrolytic powder (a) A-VF;
(b) A-F; (c) A-M

Figure 7 presents the microstructures of sintered samples obtained from electrolytic
powders with different particle sizes. For the same starting powders (the same fractions), a
finer-grained microstructure was observed in parts obtained from electrolytic powders
compared to parts obtained from atomized powders. The microstructure is dominated by
pores, which are large and different in shape. All sintered parts are more porous compared
to samples obtained from atomized copper powders. The porosity is the most pronounced
for the sample obtained from the electrolytic E-VF powder with the finest particle size,
which was also confirmed by the results of the density measurement.

Figure 8 shows the hardness and electrical conductivity of sintered parts obtained from
powders of different sizes and shapes. Sintered parts obtained from atomized powders have
higher hardness and electrical conductivity values compared to parts obtained from
electrolytic copper powders. This is understandable, considering the higher density values
of the parts obtained from atomized copper. The sample from A-M powder has the highest
hardness value, which is 34.57 HV10. The sample from A-F powder has the highest
electrical conductivity, which is 38.15 MS/m. The lowest values of hardness and electrical
conductivity were obtained for the parts obtained from the electrolytic copper powder E-
VF with the finest particles, which also showed the lowest density value.
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Figure 8. Hardness and electrical conductivity values of the sintered parts

4. CONCLUSIONS

The influence of the copper particle shape and size on some properties of powders,

compacts, and PM parts was analyzed. The following conclusions can be drawn:

— Atomized powders showed higher values of apparent density and flow rate compared
to electrolytic powders. Increasing the particle size of atomized powder showed a
decrease in apparent density and flow rate (atypical behavior). However, increasing the
particle size of electrolytic powder showed an increase in flow rate (typical behavior).

— The density of the sintered parts decreased compared to the density of the compacts.
Sintered parts obtained from atomized powders have significantly higher density values
compared to parts obtained from electrolytic powders.

— The finer microstructure was achieved in sintered parts obtained from electrolytic
powders but with much more pronounced pores compared to the parts obtained from
atomized powders.

— Sintered parts obtained from atomized powders have higher hardness and electrical
conductivity values compared to parts obtained from electrolytic powders.
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ABSTRACT

Low-melting alloys, based on bismuth, indium, and tin, have found commercial use in soldering,
safety devices, coatings, and bonding applications, due to their low melting point temperature of
eutectic compositions and small differences between their liquidus and solidus temperatures.
Based on this, the accurate knowledge of their thermal properties such as melting and
solidification temperatures, latent heat of melting, supercooling tendency, etc. is of immense
importance. In the present research, low-melting alloy from three cross-sections Bi-Sn50In50,
Sn-In50Bi50, and In-Bi50Sn50 (wt.%) was investigated using differential thermal analysis (DTA),
and by scanning electron microscopy (SEM) with energy dispersive spectrometry (EDS).
Temperatures of phase transformations, determined by DTA, and phase compositions of co-
existing phases, determined by EDS analysis, were found to support the corresponding calculated
phase compositions quite well. The experimentally obtained results were compared with the
results of thermodynamic calculation according to the CALPHAD approach, and a close
agreement was noticed.

1. INTRODUCTION

Solders known as fusible metal or material become an important element since it will
ensure the continuity of the production of electrical and mechanical in the electronic
packaging [1]. As is known to all, Tin-Lead (Sn-Pb) solders have been used for many
years due to their good chemical, physical, thermal, and mechanical properties as
traditional solders in the field of electronic packaging [2]. However, concerning the
toxicity of Pb to human health and the environment, many countries have limited or
banned the production and application of Sn-Pb solders in many fields by means of
legislation [3,4]. For example, the implementation of WEEE directives [5] and RoHS [6-
8] regulations in the national legislation of the European Union, the USA, and Japan
lasted until January 2, 2013. Since consumer needs for electronic devices are increasing
every day, the need for new lead-free alloys that are suitable for soldering is also
increasing [9]. The Sn-Bi base lead-free solders are proposed as one of the most popular
alloys due to the low melting temperature (eutectic point: 139°C) and low cost. However,
they are not widely used because of the lower wettability, fatigue resistance, and
elongation compared to traditional Sn-Pb solders. So alloying is considered an effective
way to improve the properties of Sn-Bi solders with the addition of elements Al, Cu, Zn,
Ga, Ag, Sb, as well as indium [10]. The alloy from Bi-In-Sn system was investigated by
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Noor et al. [9], as a potential candidate to replace Tin-Lead (Sn-Pb) solders. That alloy
gives a low melting temperature in the range of 65-100 °C, which is directly contributed
by the addition of In. The lowest melting temperature ensures that the solder melts and
forms a joint with the substrates, after which it solidifies again in the shortest period. The
melting temperature of the alloy from the Bi-In-Sn system is about 60°C because In and
Bi have the ability to effectively reduce the melting temperature of the solder. Based on
this study, it was concluded that according to the microstructure analysis, the presence of
the intermetallic compound Biln can be observed for the solder with the Bi-In-Sn system.
Recently, Zhou et al [11] investigated the microstructure, phase morphology, temperature,
and heat of the fusion of several alloys from the Bi-In-Sn system. The examination was
carried out by scanning electron microscopy (SEM) with energy dispersive spectrometry
(EDS), X-ray diffraction (XRD), differential scanning calorimetry (DSC), and a density
analysis instrument. Based on the obtained results, it was concluded that the alloys have
an extremely low melting point as well as a high density [11]. Yang et al. [12] performed
a thermodynamic calculation using the CALPHAD method, as well as corresponding
experiments to design low-temperature Bi-In-Sn solders. They concluded that when it
comes to the mechanical characteristics of the solder, during air cooling, a large relaxation
limit of the solder, high tensile strength, and much better elongation are obtained than the
conventional solder. The Bi-Sn system has a low melting point. In order to improve the
mechanical characteristics of the Bi-Sn solder, In was added and they obtained a better
elongation of the solder, thus maintaining a low melting temperature. Shalaby et al. [13]
found that the addition of In elements had a critical effect on the onset point of the Sn-
58Bi solder which meant that adding 2 wt.% In could decrease the onset point of the
solder from 139.06°C to 129.68°C and increase the tensile and shear strength. Chen et al.
[14] studied the effects of In addition on the melting temperature and tensile properties of
Sn-Bi solder. When the content of In addition was 5 wt.%, the onset point was decreased
by about 20°C, and tensile properties were poor decreasing from 71.8 MPa to 68.3 MPa
when the content of the, In addition, was at 3 wt.%. With increasing In content, the peak
temperature of the composite solder was reduced by 10°C. The most important
thermodynamic optimization of the Bi-In-Sn system, which is based on new experimental
data, was carried out by Witusiewicz et al. [15]. A new thermodynamic description is
presented for the ternary Bi-In-Sn system in the entire range of compositions. The
parameters for the thermodynamic models of the constituent binary systems Bi-In, Bi-Sn,
and In-Sn were adopted from earlier research, and those for the system Bi-In-Sn were
optimized using experimental data on phase equilibria as well as data on melting enthalpy
of different alloys available in the literature. In the present research, low-melting alloy
from three cross-sections Bi-Sn50In50, Sn-In50Bi50, and In-Bi50Sn50 was investigated
using differential thermal analysis (DTA), and by scanning electron microscopy (SEM)
with energy dispersive spectrometry (EDS). Although there are numerous studies of the
thermal and structural characteristics, the Bi-In-Sn ternary system is still in the research
phase.

2. EXPERIMENTAL PROCEDURE

Sample preparation in the present study consisted in melting the raw metals Bi, In, and Sn
with a purity of 99.999 mass%, in an induction furnace under a protective argon
atmosphere. The melting procedure involved heating the samples together with the
furnace for about 90 min, to the temperature of 100 °C above the liquidus line, keeping
them at that temperature for 60 minutes to ensure the homogenization of the molten alloy,
and slowly cooling inside the furnace. Then, the samples were annealed at 100 °C for
three hours in order to eliminate internal stresses and additional homogenization. The
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total mass of the prepared sample was about 4 g, while the total mass loss was less than 1
mass%. Phase transition temperatures and corresponding heat effects were determined by
a simultaneous thermal analyzer (TA Instruments SDT Q600) [16]. The reference
material was an empty alumina crucible. Prior to DTA measurements, temperature and
enthalpy calibrations were performed using pure metal standards (In and Zn) under the
measurement conditions. The sample’s masses were about 30 mg and each sample was
investigated by performing two heating cycles using the heating rate of 10 °C/min in the
temperature interval from room temperature up to 300 °C, in a stream of inert gas
(nitrogen) to prevent oxidation of the sample. Scanning electron microscope (SEM)
(TESCAN VEGA3) [17], with an energy dispersive spectrometer (EDS) (Oxford
Instruments X-act) [18], was used for microstructural investigation of the prepared alloys.
The compositions of the coexisting phases as well as the total composition of the prepared
alloys were determined using surface and spot EDS analysis. All SEM images of
microstructures were recorded in the backscattered electron mode [17]. The analyzed
samples were prepared by the classic metallographic process by polishing the samples
with diamond pastes and etching them with an aqueous solution of ferric chloride.

3. RESULTS AND DISCUSSION

3.1. Thermodynamic calculation

Thermodynamic calculation of phase equilibria according to the CALPHAD (calculation
of phase diagram) approach [19, 20] can provide valuable information about expected
microstructure, phase transformation temperatures, and the thermal properties of the
investigated material. In this work, thermodynamic calculations were performed using a
thermodynamic dataset from Witusiewicz et al. [15]. Figure 1 presents a space phase
diagram of the Bi-In-Sn system in combination with the constitutive In-Sn, Bi-Sn, and In-
Bi binary systems.
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Figure 1. Space ternary phase diagram of Bi-In-Sn ternary system calculated using the
thermodynamic parameters from Witusiewicz et al.[15]
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Calculated isothermal section of the Bi-In-Sn system at room temperature, with marked
phases and drawn compositions of the investigated alloys are shown in Figure 2.
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Figure 2. Calculated isothermal section of the Bi-In-Sn system at room temperature, based on
thermodynamic parameters from Witusiewicz et al. [15] with marked phases and drawn
compositions of the investigated alloys

3.2. Thermal analysis

Differential thermal analysis (DTA) was used to determine the melting temperature and
temperature of phase transformations of the investigated alloys. Figure 3 shows examples
of DTA heating curves for some of the tested alloys. It should be noted that the sample
was heated twice to 300 °C in a nitrogen atmosphere with a heating rate of 10 °min™', and
the results of the second heating are shown. The liquid temperature was determined from
the temperature of the DTA peak while other phase transition temperatures were
determined from the onset temperature of the DTA peak in the heating process.

1.0 16

B-2

B-4

60.78°C 81.24°C
0.003536,-mih 0.4283pV-min

.57°C
0.01151V-min/mg

Temperature Difference (uV/mg)
Temperature Difference (1V/mg)

Y T T T T T
f 0 50 100 150 200 250 300 T 0 50 100 150 200 250 300
Exo Exo
Temperature (°C) Temperature (°C)

a) Investigated alloy B-2 and B-4 from Bi-Sn50In50 vertical section

76



S-3

9
L

ce (jiV/mg)

10°C
0.01346uV-min/mg,

o
L

Temperature Differen:

°
®

116.98°C
0.04653pV-minimg

ce (1V/mg)

Temperature Differen:

S4

166.22'C

ssssss

m

g

oo
@
g

100 150

Temperature (°C)

b) Investigated alloy S-3 and S-4 ﬁ’O‘I;l’l Sn-In50Bi50 vertical section

200 250 300 T
B

Temperature (°C)

(14Vimg)
o
B

Temperature Difference

(uv/mg)

Temperature Difference

09 4

08

07

06

? Exa“ o

100 150

Temperature (°C)

200 250 300 T
Exc

T T T T T
0 50 100 150 200 250 300

Temperature (°C)

¢) Investigated alloy I-2 and I-3 from In-Bi50Sn50 vertical section
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Experimentally determined temperatures of phase transformations in the investigated
alloys of vertical sections Bi-Sn50In50, Sn-In50Bi50, and In-Bi50Sn50 are presented in
Table 1. Figure 4 presents calculated vertical sections with mass fraction ratios In/Sn=1,
Bi/Sn=1, and Bi/In=1 of the ternary Bi-In-Sn system compared with DTA experimental
results: a) Bi-Sn50In50, b) Sn-In50Bi50 and c¢) In-Bi50Sn50. Experimentally determined
temperatures of phase transformations of the investigated alloys were in good agreement
with calculated values.

Table 1. Experimentally determined temperatures of phase transformations of the investigated alloys

Samples

Temperature, °C

Phase transformations Liquidus
B-1 / 117,75
B-2 60,78; 70,36; 117,50
B-3 68,86 80,28
B-4 64,57 84,10
B-5 66,42; 85,32, 186,13
S-1 / 92,67
S-2 / 63,67
S-3 64,10 124,47
S-4 64,63 166,22
S-5 63,67 200,61
1-2 64,43; 79,48, 124,03
I-3 61,46 100,91
1-4 61,16 93,22
1-5 67,52 128,94
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Figure 4. Calculated vertical sections of the ternary Bi-In-Sn system, based on thermodynamic
parameters from Witusiewicz et al. [15], compared with DTA experimental results: a) Bi-
Sn50In50, b) Sn-In50Bi50 and c) In-Bi50Sn50
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3.3. Scanning Electron Microscopy (SEM-EDS)

The following images show SEM microphotographs of the investigated alloys B-2, B-3, and B-5
from Bi-Sn50In50 vertical section; S-2, S-3, and S-4 from Sn-In50Bi50 vertical section; I-3 and I-
4 from In-Bi50Sn50 vertical section at different magnifications: a) 100x; b) 500x; c¢) 1000x; d)
2000x.
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Figure 5. SEM microphotographs of the investigated alloys B-2, B-3, and B-5 from Bi-Sn50In50
vertical section; S-2, S-3, and S-4 from Sn-In50Bi50 vertical section; 1-3 and I-4 from In-
Bi508Sn50 vertical section at different magnifications: a) 100x, b) 500x; c) 1000x; d) 2000x

In SEM microphotographs of alloy B-2, it can be clearly seen that the microstructure
consists of three phases: the largest dark gray phase is the y phase, Biln, is the light gray
phase, and the black phase is the  phase. While in alloy B-3, the microstructure consists
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of three phases: the largest black phase is the y phase, the dark gray phase is Biln, and the
light gray phase is the BisIns phase. The microstructure of alloy B-5 consists of three
phases: the black phase is the y phase, the light gray phase is a solid solution based on
bismuth (Bi), and the dark gray phase is the Biln phase. In the SEM microphotographs of
the S-2 and S-3 alloys, the microstructure consists of three phases: the black phase is the y
phase, the light gray phase is BizIns and the dark gray phase is Biln; at the alloy S-2 and
Biln at the alloy S-3. The microstructure of S-4 alloys consists of only two phases: the
black phase is the y phase, and the light gray phase is Biln, while the third phase, a solid
solution based on bismuth (Bi), which should be present in this alloy, has not been
identified. In the SEM microphotograph of the I-3 alloy, the base of the microstructure is
the same black y phase. Two more phases are present there. The light gray phase is the
stoichiometric compound Bislns, and the dark gray phase is the same stoichiometric
compound Biln,. In the case of 1-4 alloys, the base of the microstructure is also the black
v phase. Two more phases are also present there. The light gray phase is the
stoichiometric compound Biln,, and the dark gray phase is the B phase. Experimentally
determined phase compositions of co-existing phases in the investigated alloys were
found to support the corresponding calculated phase compositions based on
thermodynamic parameters from Witusiewicz et al. [15], quite well.

4. CONCLUSIONS

In the present research, low-melting alloys from three cross-sections Bi-Sn50In50, Sn-
In50Bi50, and In-Bi50Sn50 was investigated using differential thermal analysis (DTA),
and by scanning electron microscopy (SEM) with energy dispersive spectrometry (EDS).
Temperatures of phase transformations, determined by DTA, were compared with the
calculated vertical sections (three vertical sections were investigated), and a close
agreement was obtained. Phase compositions of co-existing phases, determined by EDS
analysis, were found to support the corresponding calculated phase compositions quite
well. The experimentally obtained results were compared with the results of
thermodynamic calculation according to the CALPHAD (calculation of phase diagram)
approach, based on thermodynamic parameters from Witusiewicz et al. [15], and a close
agreement was noticed.
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ABSTRACT

Austempered ductile iron is the last addition to the group of ductile irons obtained by isothermal
improvement of classic ductile iron. Austempered nodular cast iron has improved mechanical
properties and a different matrix microstructure compared to known iron-based castings. This
type of casting is obtained by isothermal improvement - austempering, whereby the resulting
microstructure consists of a mixture of ausferitic (acicular) ferrite and residual, isothermally
transformed, carbon-enriched, stable, austenite. Changing the austempering parameters
(temperature and time of austenitization and isothermal transformation) affects the obtained
ausferite microstructure, and thus the mechanical properties. The most influential parameter that
affects the mechanical properties of austempered ductile iron is the isothermal transformation
temperature. This paper will present the relationship between microhardness values and
microstructural transformations in the material due to the effect of elevated temperatures.

1. INTRODUCTION

One of the materials whose production increases year by year is ductile iron. The
properties of ductile iron can be further improved by isothermal transformation -
austempering, whereby the newly produced material is called ADI material (Austempered
Ductile Iron). The special properties of ADI material compared to classic ductile iron are
a direct consequence of the microstructure created during austempering. The
microstructure is conditioned primarily by austempering parameters (temperature and
time of austenitization, and temperature and time of isothermal transformation), as well as
by chemical composition.

Austempered ductile iron is the last addition to the group of ductile irons obtained by
austempering classic ductile iron. Austempering of ductile iron belongs to the group of
procedures that change the microstructure of the entire metallic matrix, and is carried out
in order to improve the mechanical properties of the casting (strength, elongation,
toughness, dynamic strength, etc.).

Austempered ductile iron has improved mechanical properties and a different matrix
microstructure compared to known iron-based castings. The new microstructure of the
matrix is called ausferite, Figure 1. Ausferite is obtained by heat treatment- austempering,
whereby the resulting microstructure consists of a mixture of ausferitic (acicular) ferrite
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and residual, isothermally transformed, carbon-enriched, stable, austenite [1]. The
morphology and composition of the microstructure of ADI material directly depend on
the parameters of austempering (austenitization and isothermal transformation).
Depending on the obtained microstructure we will have different values of mechanical
properties.

Figure 1. Microstructure of austempered ductile iron [2]

An extraordinary combination of mechanical properties primarily depends on the
microstructure, i.e. on the type and amount of individual phases, as well as their
morphology.

The microstructure, and thus the mechanical properties, are controlled by the correct
choice of austempering parameters, chemical composition, and graphite morphology,
figure 2. The most influential parameter that affects the mechanical properties of ADI
material is the isothermal transformation temperature, [3]. Transformation at higher
temperatures (approx. from 330 °C to 400 °C) results in high ductility and toughness, but
lower strength and hardness. On the other hand, transformation at lower temperatures
(approx. 250 °C to 330 °C) achieves high strength, hardness, and wear resistance, but
lower toughness [4]

Figure 2. Ausferite microstructure of ADI material
a) the lower area of isothermal transformation; b) upper area of isothermal transformation

[4]

Figure 3 shows the influence of isothermal transformation temperature on the mechanical
properties of austempered ductile iron.
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Figure 3. Influence of isothermal transformation temperature on the mechanical properties of
austempered ductile iron [5]

2. PRODUCTION PROCESS OF THE AUSTEMPERED DUCTILE IRON

Within this work, ductile iron alloyed with Mo, Ni, and Cu was chosen as the starting
material for the production of austempered ductile iron. This nodular casting was
produced by a commercial casting process in a medium frequency induction furnace with
a nominal power of 750 kW and a capacity of 1.5 t in the company "Pobjeda" TeSanj

branch of the Turbe foundry.
Thermal treatments (austenitization and isothermal transformation) to obtain austempered

ductile iron were carried out at the "Kemal Kapetanovi¢" Institute in Zenica and at the

Faculty of Metallurgy and Technology.
The heat treatment procedure is shown diagrammatically in Figure 4, and consists of the

following steps:

— heating to austenitizing temperature 870°C,

— holding at the austenitization temperature,

— rapid cooling to the temperature of isothermal transformation 350°C,
— holding at the temperature of isothermal transformation,

— air cooling to room temperature.
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Figure 4. Thermal treatment to obtain austempered ductile iron

The initial phase of austempering is austenitization, where the initial base of ductile iron
is transformed into austenite, as well as its enrichment with carbon.

The height of the austenitization temperature and holding time controls the amount of
dissolved carbon in the austenite, which further affects the kinetics of transformations in
the second phase of heat treatment. The austenitization temperature, which is used in the
austempering of nodular cast iron castings, is in the range of 820 °C to 950 °C [6].

The second stage of the thermal treatment of the casting is the cooling of the initial
austenite microstructure to the selected transformation temperature. Isothermal
transformation implies a rapid transition from the austenitizing temperature to the
temperature of isothermal transformation, holding at that temperature and cooling in air.
The temperature interval in which transformations of the starting austenite microstructure
take place is between 270°C and 400°C [7].

An ausferite microstructure of ADI material is formed by isothermal transformation.
Ausferite is formed by the formation of ferrite bundles within previous austenite grains.
The medium used for the isothermal transformation of the samples was KNOs3, and the
holding time in the medium was 90 minutes. In the process of formation of the final
microstructure in austempered ductile iron, the temperature of isothermal transformation
plays an important role. The size and shape of the ferrite phase and the amount of residual
austenite largely depend on the value of the selected isothermal transformation
temperature. If at the end of the technological process, one wants to obtain a casting that
will have high values of tensile strength and hardness with lower values of ductile
properties, it is necessary to choose lower temperatures of isothermal transformation (270
°C to 330 °C) [7].

After thermal treatment of the starting material, austempered ductile iron with the
properties prescribed for this type of material was obtained.

Based on the results of dilatometric and differential thermal analysis (DTA) obtained in
the framework of previous research [8], it was decided to subsequently thermally treat the
ADI samples at 5 different temperatures as follows: 400 °C, 420 °C, 470 °C, 520 °C and
550 °C. The goal of the research is to show whether the change in microstructure at
elevated temperatures affects the change in mechanical properties, which was monitored
through the results of the microhardness test.

3. TESTING THE PROPERTIES OF THE INITIAL ADI MATERIAL AND
SUBSEQUENTLY THERMALLY TREATED SAMPLES

After the final (subsequent) thermal treatments, in order to observe the behaviour of the

material under conditions of elevated working temperatures, detailed tests were carried

out, both on these samples and on the initial ADI material. Among other things, the tests
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included detailed microstructural analysis using an light microscope and microhardness
testing

3.1 Analysis of the microstructure on a light microscope

Microstructure analysis was carried out in the Metallographic Laboratory of the "Kemal
Kapetanovi¢" Institute in Zenica on an Olympus PMG3 light microscope with additional
equipment for image storage. The microstructure tests were carried out with the aim of
determining possible microstructural transformations in the material due to the effect of
elevated temperatures. Figures 5 to 10 show the microstructures of the initial austempered
ductile iron and samples additionally thermally treated at appropriate temperatures.

Nital - X750
Figure 5. Microstructure of the starting material (Austempered ductile iron)

Ausferite microstructure composed of fine acicular ferrite and residual austenite with separated
carbon in the form of nodules

Figure 6. Microstructure of additionally treated material (400 °C/2h)
Ausferite microstructure is composed of acicular ferrite, residual austenite, and excreted graphite
nodules. A noticeable process of degradation of the initial microstructure.

: 5 :
Nital x750
Figure 7. Microstructure of additionally treated material (420 °C/2h)

Ausferite microstructure is composed of acicular ferrite, residual austenite, and excreted graphite
nodules, with noticeable degradation of the initial microstructure.
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Nital X750

Figure 8. Microstructure of additionally treated material (470 °C/2h)
Ausferite microstructure is composed of acicular ferrite, residual austenite, and excreted graphite
nodules, with noticeable degradation of the initial microstructure

Nital x750
Figure 9. Microstructure of additionally treated material (520 °C/2h)
Ausferite microstructure in traces, acicular ferrite degraded, needles broken, initial
microstructure almost completely degraded.

P R

Figure 10. Microstructure of additionally treated material (550 °C/2h)
Ausferite microstructure in traces, acicular ferrite degraded, needles broken, initial
microstructure almost completely degraded.

3.2 Microhardness test

The microhardness test HV0.03 per cross-section of the samples was carried out on a
ZWICK hardness and microhardness test device. The goal of this test is to determine
changes in microhardness values that are related to microstructural transformations in the
material due to the effect of elevated temperatures. Figure 11 shows the locations of the
microhardness test by the cross-section of the sample of the initial ADI material, while
Table 1 gives the individual microhardness values for this sample. The other 5 samples
treated at temperatures of 400 °C, 420 °C, 470 °C, 520 °C and 550 °C were tested on the
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same principle. The average values of tested microhardness for all samples are given in
Table 2 and Figure 12.

Table 1. Values of microhardness HV0.03 on the
sample of the initial ADI material (Average

424HV0.03)
Values of Values of
Location|  mjcrohardness Location|  mjcrohardness
HV0,03 HV0,03
1 386 9 329
2 386 10 329
3 386 11 530
4 481 12 460
5 421 13 530
6 371 14 505
7 01 15 443
¥ . (Ol 8 421 16 386
Nital x150
Figure 11. Locations of HV0.03
microhardness imprints on the cross-section
of the sample
Table 2. Average microhardness values for the samples
Sample: ADL 460 0can | 420 °c2n | 470 °cion | 520 °cian | 570 °cr2n
material
Average
microhardness 424 474 454 677 444 394
values HV0,03

Average microhardness values HVO0,03

800

700

600

500

400 m Average microhardness
values HV(,03
300
200
100
o

400 C/2h420 C/2h470 C/2h520 C/2h550 C/2h

Figure 12. Graphic representation of the average values of microhardness HV0.03

4. CONCLUSION

Depending on the stability of the microstructure, i.e. the insight into the transformation of
the initial ausferite microstructure when exposing the material to elevated working
temperatures, one can talk about the properties of isothermal nodular cast iron at elevated
temperatures.

Based on the results of earlier research, it was concluded that certain microstructural
transformations occur due to the heating of isothermally improved nodular samples,
which is most clearly noticeable in the temperature interval from 450 °C to 500 °CJ[8].

89




Based on this fact, an experiment was designed for these tests, and a subsequent heating
regime was defined, which represents the simulation of the behaviour of austempered
ductile iron at elevated temperatures.

Based on the microhardness values tested on the mentioned samples, it can be concluded
that the microhardness value increased precisely in the temperature interval 450 °C to 500
°C, Figure 12. More precisely, the highest increase in the microhardness value was
observed on the sample that was subsequently treated at 470 °C, which is a consequence
of the microstructural transformation. So, the research confirmed that at higher
temperatures the microstructure broke down into ferrite and carbide. Carbides are
microconstituents that increase the value of microhardness.

5. REFERENCE

[1] Harding, R.A. The production, properties and automotive applications of austempered ductile
iron, Kovove Mater., 45, (2007), 1-16

[2] www.phase-trans.msm.cam.ac.uk

[3] Zhang, J. W., Zhang, N., Zhang, M. T., Lu, L. T., Zeng, D. F., Song, Q. P.: Microstructure
and mechanical properties of austempered ductile iron with different strength grades,
Materials Letters, 119 (2014), 47-50

[4] Rainovi¢ D., ,,Uticaj mikrostrukture na prelaznu temperaturu ADI materijala®“, Doktorska
disertacija, Fakultet tehnickih nauka, Novi Sad, 2015.

[5] Vukovi¢ G.: Erozijsko troSenje izotermicki poboljSanog te naknadno saCmarenog nodularnog
lijeva, Zavr$ni rad, Fakultet strojarstva i brodogradnje, Zagreb, 2008.

[6] M. Gagne, The Sorelmetal handbook of Ductile Iron, Rio Tintop Iron&Titanium Inc.,
Montreal Canada 2004

[7] AvduSinovi¢ H.: Utvrdivanje optimalnih parametara proizvodnje odlivaka od
austemperovanog nodularnog liva razliCite debljine stijenke, Doktorska disertacija, Fakultet
za metalurgiju i materijale, Zenica, 2010.

[8] Dervisi¢ S.: Utvrdivanje optimalnih parametara proizvodnje odlivaka od austemperovanog
nodularnog liva razli¢ite debljine stijenke, Doktorska disertacija, Fakultet za metalurgiju i
materijale, Zenica, 2010.

90



14t Scientific/Research Symposium with International Participation
»METALLIC AND NONMETALLIC MATERIALS“, B&H, 27%-28%" April 2023

EFFECT OF MIXING OF COOLING MEDIA ON
MICROSTRUCTURE AND HARDNESS OF STEEL 23MnB4

Almaida Gigovi¢-Geki¢, Hasan AvduSinovi¢, Amna Hodzi¢
University of Zenica, Faculty of Metallurgy and Technology
Zenica, B&H

Branka Muminovi¢
University of Zenica, Institute “Kemal Kapetanovi¢”
Zenica, B&H

Keywords: quenching, cooling intensity, microstructure, hardness

ABSTRACT

Steel cooling is an important technological operation because the final microstructure of the steel,
and therefore its properties, depends on the cooling rate. The speed of steel cooling depends on
numerous factors, one of which is the movement of the cooling media. This paper presents the
results of testing the influence of mixing the cooling media on the microstructure and hardness of
23MnB4 steel. Two media that are usually used for quenching steel (water and oil) were used for
the test. The samples were cooled in an unstirred media and in a stirred media with three different
stirring speeds (500, 750, and 1000 rpm). The results showed that mixing the media has an influence
on the microstructure and hardness of steel. Samples that were cooled in a mixed medium had a
higher hardness. The mixing speed had a greater influence on the hardness in the case of cooling
in water. The microstructure after cooling in the water and oil was martensite-bainite. With an
increasing cooling rate, the ratio of martensite in microstructure increases.

1. INTRODUCTION

Steel cooling is an extremely important technological operation during the heat treatment

of steel because the final microstructure of the steel, and therefore its properties, depends

on the cooling rate. In practice, three methods of cooling are usually distinguished; slow,

normal, and fast. Slow cooling is the cooling of samples in the furnace and is most often

used in the annealing process. Normal cooling is carried out in the air, as in the case of

normalization. Rapid cooling is applied during quenching and has the greatest impact on

microstructure and properties. The cooling rate is affected by various factors such as:

— type of media used (initial temperature, boiling point, specific heat, thermal
conductivity, viscosity, etc.),

— media movement,

— type of material being cooled (chemical composition, thermal conductivity, and specific
heat),

— the mass of the samples, the ratio of surface area and volume,

— condition of the surface of the sample being treated, and

— sample design.

Of the mentioned factors that affect the cooling rate, in practice, only the medium used for

cooling can be influenced, that is, the correct choice of the cooling media and its mixing

[1-3].
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The aim of the test is to show whether the mixing of media during quenching affects the
microstructure and hardness of 23MnB4 steel.

2. EXPERIMENTAL PART

The material tested in this work was the steel 23MnB4 with a chemical composition given
in Table 1. Because the tested samples are taken from the screw, the chemical composition
is given according to the standard EN 10263-4: 2001 Steel rod, bars, and wire for cold
heading and cold extrusion, Technical delivery conditions for steels for quenching and
tempering.

Table 1. Chemical composition of 23MnB4 [4]

Chemical C Simax Mn Prax Siax Crmax Cumax B
cor[n“l?ff/f]lon 0.20-0.25 | 030 |0.90-120 | 0.025 | 0.025 | 030 | 025 | 0.0008-0.005

The analysis of a microstructure and hardness were done
for the initial state and 8 quenched samples cooling with
different rates (no mixing, 500, 750, and 1000 rpm) in
two cooling media (water and oil). The samples were
cylindrical in shape dimension ¥18x10 mm. The heating
temperature was 880 °C and the samples were heated
together with a furnace at room temperature. The quantity
of cooling media was a two-liter. Digital overhead Stirrer
LLG-uni STIRRER OH2 used for stirring, Figure 1. The
speed range of the stirrer is from 50 to 2200 rpm.

Before analysis of microstructure, the samples were
prepared by grinding, polishing, and etching by nital
(HNO; + ethanol). The microstructural analysis was
carried out by the Olympus optical microscope with a
maximum magnification of x1000. The microstructure of
the initial state is shown in Figure 2. The microstructure
is the ferrit.e-pearlite. From the figures, it.could be qoticed Figure 1. Digital overhead
that the microstructure on the surface is more directed  gy,0 1.7.G-uni STIRRER OH2
than in the center.
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Figure 2. The microstructure of the initial state: a) surface and b) center, x100
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Hardness tests, according to standard BAS EN ISO 6506-1:2015 and BAS EN ISO 6508-
1:2017were performed on specimens prepared for microstructure analysis.

3. RESULTS AND DISCUSSION

3.1. Analysis of microstructure

The microstructure of the quenched samples in the different media with different cooling
rates is shown in Figures 3 to 10. All samples showed fine-grained microstructure.

b)
Figure 3. The microstructure of the sample cooled in the water without mixing: a) surface and
b) center, x500

Figure 4. The microstructure of the sample cooled in the water with mixing of 500 rpm:
a) surface and b) center, x500

SOIUM

b)
Figure 5. The microstructure of the sample cooled in the water with a mixing of 750 rpm:
a) surface and b) center, x500
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a)

Figure 6. The microstructure of the sample cooled in the water with a mixing of 1000 rpm:

b)
Figure 7. The microstructure of the sample cooled in the oil without mixing: a) surface and
b) center, x500

SORUM

SO

a)
Figure 8. The microstructure of the sample cooled in the oil with a mixing of 500 rpm: a)
surface and b) center, x500
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b
Figure 9. The microstructure of the sample cooled in the oil with a mixing of 750 rpm: a)
surface and b) center, x500

oy S0 Um

a)
Figure 10. The microstructure of the sample cooled in the oil with a mixing of 1000 rpm:
a) surface and b) center, x500

Analysis of the microstructure after cooling in the water and oil showed the martensite-
bainite microstructure. After quenching in oil the microstructure was more bainite (Figure
7-10) while the microstructure after cooling in water was martensite with bainite (Figure 3-
6) because the cooling rate was faster. The microstructure is the same on the surface and
center of the sample. For these dimensions, the steel has good hardenability.

3.2 Analysis of hardness
The results of the hardness analysis are presented in Table 2.

Table 2. Analysis of hardness

Sample Cooling Hardness (HBW 2,5/187,5) Hardness
P mode Single values Average [HV]*
(ir?;ﬁflfaie) - 184 | 187 | 187 | 184 | 187 186 184
Hardness (HRC)
Single values Average
Sample 2 No

(quenching in mixin 41 42 42 42 43 42 406

water) &
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Sample Cooling Hardness (HBW 2,5/187,5) Hardness
mode Single values Average [HV]*
(ﬁfg;‘fl‘t’aie) - 184 | 187 | 187 | 184 | 187 186 184
Hardness (HRC)
Single values Average
Sample 3
(quenching in | 500 rpm 44 46 42 46 44 44 438
water)
Sample 4
(quenching in | 750 rpm 47 47 46 47 48 47 474
water)
Sample 5
(quenching in | 1000 rpm | 49 49 49 47 48 48 490
water)
Sample 6 No
(quenching in .. 38 38 38 39 39 38 361
oil) mixing
Sample 7
(quenching in | 500 rpm 41 42 42 41 41 41 393
oil)
Sample 9
(quenching in | 1000 rpm | 41 41 42 42 43 42 406
oil)
Sample 8
(quenching in | 750 rpm 41 41 42 42 42 42 406
oil)

*https://www.steelexpress.co.uk/steel-hardness-conversion.html
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Figure 11. CCT diagram for steel 23MnB4 [4]

The hardness analysis showed that the samples cooled in water have a higher hardness
compared to the samples cooled in oil. The rate of oil mixing did not significantly affect
the cooling rate of the samples, except in the case that the oil mixing resulted in a hardness
that could be achieved by cooling in water without mixing. The rate of water mixing
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affected the rate of cooling. As the mixing speed increases, the hardness of the samples
increases.

According to the literature [4] from the analysis of the CCT diagram (Figure 11) it can be
seen that the hardness values obtained for cooling in oil correspond to the area of
transformation of austenite into martensite and bainite. The hardness obtained for higher
cooling rates, i.e. water mixing, corresponds to the transformation of austenite into
martensite. With an increase in the cooling rate, the proportion of martensite in the
martensite-bainite microstructure also increases. For mixing speeds of 500, 750, and 1000
revolutions, 100% martensite is obtained.

4. CONCLUSIONS

The aim of the test is to show whether the mixing of media during quenching affects the
microstructure and hardness of 23MnB4 steel. The initial microstructure of steel was
ferrite-pearlite. Analysis of the microstructure after cooling in the water and oil showed the
martensite-bainite microstructure. Samples that were cooled in a mixed medium had a
higher hardness. The mixing speed had a greater influence on the hardness in the case of
cooling in water. With an increasing cooling rate, the ratio of martensite in microstructure
increases. The rate of oil mixing did not significantly affect the cooling rate of the samples,
except in the case that the oil mixing resulted in a hardness that could be achieved by
cooling in water without mixing. After quenching, the microstructure is the same on the
surface and center of the sample. For these dimensions, the steel has good hardenability.
In the end from the results, it could be concluded that the mixing process has an influence
on the cooling rate of the steel 23MnB4. With mixing, it is possible to get the same hardness
for steel quenched in the oil as the cooling in water without mixing. The mixing rate has
more influence on the cooling in water than in the oil.
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ABSTRACT

Gray cast iron belongs to the group of iron casts that contain graphite particles in the
microstructure. Graphite particles in gray cast iron have the shape of lamellae and are connected
to each other. The specific combination of properties of gray cast iron, which is satisfactory for
many applications, and simple and cheap production are the main reasons for its very wide
application. For many years, gray cast iron has been the most used material for making metal
castings. In this paper, there are microstructure tests for different variations of alloying gray cast
iron with chromium, molybdenum, and copper. The assumption is that these elements influence the
formation of pearlite in the microstructure, in different combinations.

1. INTRODUCTION

The quality and properties of gray cast iron depend on the shape, distribution, and size of
the separated graphite lamellas and the microstructure of the metal matrix. The chemical
composition is an important factor that affects the shape of the graphite and the
microstructure of the metal matrix [1].

Cast iron with lamellar graphite (gray cast iron) includes a class of iron-based materials
characterized by a microstructure with the presence of graphite separated in the form of
lamellae in the metal matrix. In order to fully understand the issues of production and
properties of this group of castings, the influence of the chemical composition is easiest to
observe if the influence of individual elements is discussed according to the groups as
follows:

1. Basic elements

2. Accompanying elements

3. Alloying elements and trace elements

Alloying elements and elements present in traces are elements that affect the properties
of cast iron. Sometimes these elements are deliberately added with the aim of increasing
their influence on the desired properties of the casting (addition of copper or tin with the
aim of obtaining a pearlite microstructure of the metal matrix), and they can also be found
in the melt as unwanted elements that have a negative effect on the properties of the casting
(lead, bismuth, nitrogen, etc.) [2,3].
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2. INFLUENCE OF CHEMICAL COMPOSITION ON MICROSTRUCTURE OF
GRAY IRON CASTINGS

Copper is a graphitizer and promotes the formation of pearlite, and also increases the
strength of the formed pearlite. It is expected that in ferrite or ferrite and pearlite cast iron
base, copper has a stronger effect [4]. During hardening, graphite/austenite separates at the
boundary and thus represents a diffusion barrier for carbon in the casting cooling process.
Taking into account this fact, it is clear that in the process of transformation in the solid
state, the formation of pearlite is promoted, while it is not a carbide promoter. Unlike
manganese, there is no danger of carbide formation, and copper is a stronger promoter of
pearlite. Amounts recommended as alloying additions range up to 1,55% copper. Research
has shown that the addition of 0,82% copper has the same effect on achieving a pearlite
microstructure as 1,74% manganese. The difference in the microstructures is that in the
case of alloying with copper, a microstructure was obtained without the presence of
carbides, in contrast to alloying with manganese, where a larger amount of separated
carbides was observed. The combination of the addition of copper and silicon in the casting
increases the security of the formation of microstructure without the presence of whitening,
that is, the sensitivity of the casting to different wall thicknesses per cross-section is reduced
and the possibility of metastable hardening in thinner sections is reduced. Silicon reduces
the solubility of carbon in the solid and liquid phase, increases the diffusion of carbon at all
temperatures, and acts as a graphitizer, reducing the tendency to form carbides. As other
graphitizes, it separates into a solid phase during solidification and raises the solidification
temperatures of the stable eutectic (Fe-C), and lowers the solidification temperatures of the
metastable eutectic (Fe-Fe3zC). Carbide-forming elements (chromium, vanadium, etc.) do
the opposite. The negative effect of copper comes to the fore in the case of efforts to obtain
a ferrite microstructure, where a casting with a maximum of 0.03% copper must be provided
to avoid the appearance of pearlite in the microstructure of the casting. It should be
emphasized that only the addition of a highly pure copper alloy from a well-known
manufacturer in foundries gives the desired effect [2,3]. Copper promotes the formation of
graphite and it is a pearlite stabilizing element. It can have a grain refining effect [5].
Molybdenum is an alloying element that has mild carbide-forming properties. In the case
of alloying with molybdenum over 0.3%, separated carbides rich in molybdenum are
noticeable at the grain boundaries, where the effect is much more pronounced in thicker
sections of the casting due to the occurrence of segregation. The important role of
molybdenum is that it improves the hardenability of the casting during the heat treatment
process, especially in combination with copper and nickel. In addition to improving
hardenability, molybdenum affects the fragmentation of the graphite phase, affecting the
increase in the number of eutectic cells, while reducing the effect of the variation of
properties across the cross-section of the casting in the case of different wall thicknesses in
the casting. The negative side of the presence of molybdenum as an alloying element is if
you want to get a pearlite microstructure, and therefore it is mostly recommended to add
molybdenum together with some of the elements that will prevent the formation of certain
amounts of ferrite in the microstructure. Most often, these are combinations of molybdenum
+ chromium, molybdenum + copper, molybdenum + tin, or combinations with several
alloying elements, such as molybdenum + copper + nickel and similar combinations.
Taking into account the above facts, it can be said that molybdenum is one of the most
versatile alloying elements used in iron-based castings [2]. Molybdenum hardens ferrite
and strongly increases the hardenability of austenite. It is a carbide stabilizer (not as strong
as chromium) and when in high enough concentrations, it can form carbides [6].
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Chromium prevents graphitization and stabilizes primary, eutectic, and eutectoid carbides
[7]. Chromium is one of the alloying elements that has the strongest potential for carbide
formation. In the hardening process, like other carbide formers, it lowers the temperature
of the stable eutectic and raises the temperature of the metastable eutectic. Since it lowers
the hardening interval, it increases the tendency toward the formation of spalling in the
microstructure of the casting. The maximum amount of chromium that is allowed (to
achieve a cast structure without the presence of carbides) is 0.05%, although, in the case of
a larger amount of manganese, this value is even lower due to the effect of manganese on
the formation of carbides. Chromium carbides are highly resistant to heat treatment even
after several hours of annealing. The tendency of chromium to form carbides affects the
increase in the mechanical properties of the casting. The negative side is that these carbides
mostly segregate along the grain boundaries [2].

3. EXPERIMENTAL PART

In the practical part of the work, the results of testing gray cast iron samples are presented
in order to explain the influence of alloying elements on the microstructure of the tested
samples. Four melts of gray cast iron were prepared, one melt from regular production and
one with each of the alloying elements: copper, molybdenum, and chromium.

3.1 Chemical composition of the melts
Table 1 shows the chemical composition of sample 1, a sample from regular production.

Table 1.Chemical compositions for sample 1, sample from regular production

/ Chemical composition, wt. %

C Si Mn Cr Mo Cu P S
Sample 1 3,585 1,945 0,717 0,104 0,012 0,195 0,057 0,077

Table 2 shows the chemical composition of sample 2, alloyed with copper.

Table 2. Chemical compositions for sample 2, alloyed with copper

/ Chemical composition, wt. %

C Si Mn Cr Mo Cu P S
Sample 2 3,545 2,049 0,641 0,103 0,016 1,046 0,042 0,051

Table 3 shows the chemical composition of sample 3, alloyed with molybdenum.

Table 3. Chemical compositions for sample 3, alloyed with molybdenum

/ Chemical composition, wt. %

C Si Mn Cr Mo Cu P S
Sample 3 3,623 1,926 0,689 0,115 0,830 0,200 0,046 0,089

Table 4 shows the chemical composition of sample 4, alloyed with chromium.

Table 4. Chemical compositions for sample 4, alloyed with chromium

/ Chemical composition, wt. %

C Si Mn Cr Mo Cu P S
Sample 4 3,499 1,862 0,759 0,587 0,015 0,200 0,035 0,076
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4. RESULTS

Metallographic samples were prepared for the microstructure analysis (optical microscopy)
for three types of cast iron and one for samples from regular production. According to the
photographs of the microstructure shown in the etched state, it was shown that the
mentioned alloying elements are pearlitizers, that is, we confirmed the pearlite
microstructure on each sample (figures of all samples etched by nital 2%, magnification
100x, and 200x).

Figure 1 shows the microstructure of sample 1, gray cast iron from regular production.

a) after polishing, magnification 100x  b) etched by nital 2%, magnification 100x

c) after polishing, magnification 200x  d) etched by nital 2%, magnification 200x

Figure 1. Microstructure of sample 1, gray cast iron from regular production

Figure 2 shows the microstructure of sample 2, gray cast iron alloyed with copper (1,046 wt %).
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a) after polishing, magnification 100x b) etched by nital 2%, magnification 100x
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¢) after polishing, magnification 200x d) etched by nital 2%, magnification 200x

Figure 2. Microstructure of sample 2,gray cast iron alloyed with copper (1,046 wt, %)

Figure 3 shows the microstructure of samp