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Abstract:

The paper analyzes the morphology of cavitation damage of raw and sintered basalt
samples. The experiment was conducted using the ultrasonic vibratory cavitation test method
according to the ASTM G-32 standard. During the determination of the resistance to the
effect of cavitation, a change in the mass of samples was observed in the function of the
cavitation time of operation. The morphology of damage caused by the effect of cavitation
was followed by scanning with an electron microscope, and the level of degradation of the
surface of the samples was quantified using the image analysis. The results showed a
significantly higher degree of resistance of sintered basalt, with a cavitation rate of 0.019
mg/min relative to raw basalt, with a cavitation rate of 0.738 mg/min. After 120 minutes of
exposure to the cavitation effect, a smaller number of small pits on the surface of sintered
basalt were observed, while a higher level of damage to the surface with the appearance of
numerous pits was found in raw basalt, which can be connected in some places to larger and
deeper pits in some places. The obtained results indicate the possibility of using sintered
basalt for the production of parts that will be exposed to the effects of high cavitation loads.
Keywords: Raw basalt; Sintered basalt; Cavitation damages; Mass loss; Image analysis.

1. Introduction

Basalt is a hard, compact, basic volcanic rock. It usually contains plagioclases,
pyroxene and olivine, and often has a glassy appearance [1-4]. It is a cheap and widespread
raw material for the production of glass and glass ceramics by the processes of sinter
crystallization, melting, casting and thermal treatment. Glass-ceramics based on basalt have a
very fine and homogeneous structure, excellent physical and mechanical properties, chemical
resistance, high wear and corrosion resistance and can replace metallic materials in the
construction of structural parts of equipment in metallurgy and mining [5-11]. Technical
ceramic based on basalt find application in all industrial branches where the problem with the
chemical resistivity and wearability is actual: electrical engineering, chemical engineering,
metallurgy and mining [12-18]. According to the literature, in the world, basalt is used as a
raw material for the production of basalt wool, thin and super thin basalt fiber, cast products,
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basalt plastics, anti-corrosive materials, building materials, thermal insulation materials [19-
22]. For general application, basalt is used for making porcelain, majolica, faience, sanitary
ceramics, art ceramics, for making decorative furniture, dishes, glazes for decoration of
various ceramic and other products [23, 24]. Synthesis and application of composite materials
with a polymeric base and a basalt based reinforcing (basalt fibers, basalt powder) are widely
present in the mechanical engineering, automative, shipbuilding, construction industry for the
construction of parts and equipment where high hardness and wear resistance are required
[25-28]. Thanks to its superior features glass-ceramics based on basalt can be used in
environments in which erosion wear, corrosion, high temperatures and pressures are present,
the action of aggressive chemicals and suspensions, fluid flow [29-31]. Laboratory tests of the
cavitation resistance of the raw and sintered basalt were made to evaluate the possibility of
basalt application from the Vrelo Kopaonik deposit for the production of industrial equipment
parts and applications in similar exploitation conditions. An ultrasonic vibration method with
a stationary sample was used for testing [32]. The purpose of the laboratory method of
cavitation damage testing is to predict the behavior of the material during the cavitation
operation for a shorter test period (2 - 10 h), and the advantages of the method are small size
of the device, small sample size for testing, low energy input. During the cavitation, the
process of formation, growth and implosion (collapse) of steam or vapor gas bubbles in the
flowing fluid takes place. During bubble collapse, high temperatures and pressures are
generated locally (approximately 5000 °C and 1000 bar) in a very short period of time (less
then 1ps). Implosion of bubbles creates shock waves and micro-yets, which cause mass loss
and damage to the surface of materials with which the liquid is in contact [29, 33-35]. To
estimation the cavitation resistance of basalt samples, a change in the mass of samples was
observed in the function of the exposure time to the effect of cavitation. Also, the level of
sample surface degradation was monitored using an image analysis program, Image Pro Plus
[36]. On the basis of the obtained results, a comparison of the properties of the tested samples
was performed and an assessment of the possibility of their application for the given
exploatation conditions.

2. Materials and Experimental Procedures
2.1. Synthesis and Characterization

Basalt rocks from the Vrelo Kopaonik deposit were used as the starting material for
the preparation of samples for testing. Raw basalt samples (sample mark: RB) dimensions
(15x15x15) mm are cut from the selected basalt rocks. The basic characteristics of basalt
which influenced his choice for exploring cavitation resistance and assessment of application
in engineering practice were: melting point 1300-1400 °C; high hardness 6.5-7 Mosh scale;
density 2460-2960 kg/cm?®; basically amounts of glass 10-15 %; high tensile strength;
compressive strength 80 MPa; porosity 3,78%; high resistance to acids, alcalines and heat;
high thermal conductiviy; no cancerogenic risk or other health hazards; completly inert with
no environmental risk [1-4].

By crushing and milling the basalt rocks, a basalt aggregate of grain size below 1 mm
was obtained. Table | shows the chemical composition of the starting basalt sample. The
basalt aggregate is ground in a vibrating mill with spherical balls at a grain size of 15um. The
obtained basalt powder is mixed with pressing additives (0,6 % bentonite; 0,5 % cellulose).
The test specimens were pressed into plates of dimensions (100x50x15) mm using Leitz
pressure device with applied presure of 10° Pa. Afterwards, the basalt samples were sintered
at temperature of 1150 °C. The sintering regime process was carried out according to the
following mode: raising the temperature to 1000 °C with a heating rate of 5 °C/min in a time
of 200 min; then, heating up to 1150 °C with heating rate of 2 °C/min in a time of 100 min;
sintering at 1150 °C in a time of 1 hour. Sample mark of sintered basalt: SB.
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Tab. I Chemical composition of the raw basalt sample (%).
Sample Si0, AlLO; Fe,0; FeO MgO CaO Na,O K,O0 TiO,
Raw basalt 56.21 1861 115 297 340 7,78 473 337 111

Basalt samples were analyzed using X-ray diffractometer, "Philips” model PW-1710.
The microstucture of the samples was characterized with the scanning electronic microscope
JEOL model JSM 6610 LV. In order to improve conductivity, the sample was vapoured with
gold powder.

2.2 Methods
2.2.1 Cavitation erosion testing

An ultrasonic vibratory cavitation test method (with a stationary sample) was used to
test cavitation resistance according to the standard ASTM G-32 [32] and the procedure
described in earlier works [29, 33]. Testing was performed within the recommended standard
values of the following parameters [32, 34]:

the frequency of mechanical vibrations: 20£0,2 kHz;

the amplitude of vibrations at the top of the transformer: 50 um;
gap between the test specimen and the transformer: 0,5mm;
water flow rate of 5-10 ml/s;

the water temperature in the bath: 25+1 °C.

Selected time of sample testing was (min): 15; 30; 60; 120. After each test interval, a
change in the mass of the samples was measured by analytical balance with an accuracy of
+0,1mg. For the purpose of analyzing the surface changes under cavitation, the samples were
photographed before, during and at the end of the test.

2.2.2 Image analysis

Software sample analysis was performed in Image Pro Plus [36]. The results of the
analysis enabled the examination of the mechanisms of formation and development of
damage to the surface of the tested samples under the effect of cavitation. The following
indicators of surface damage were observed: the level of degradation of the sample surface,
(P/Py, %, where Py, refers to the reference surface without damage, and the value P represents
damage on the surface of the sample formed during the test), the number of formed individual
pits, N, and medium area of formed pits, P,, (mm®). The formation of new pits, their growth
and / or their interconnection was monitored. The resulting damage on the surface of the
samples was analyzed based on the corresponding line profiles obtained using the Image Pro
Plus image analysis software program. All obtained results of damage to the surface of the
samples at the time of the cavitation activity are illustrated by the diagrams.

The morphology of the damaged surfaces of the speciment was analyzed by a
scanning electron microscopy (SEM) Joel JSM 6610 LV.

3. Results and Discussion
3.1. Phase composition of basalts samples

The mineral composition of raw basalt (RB) and sintered basalt (SB) are as follows:
plagioclases, pyroxenes, olivines, Figure 1. The most prevalent minerals in the RB sample are
basic plagioclases, while pyroxene (augit) and olivine are less present, Figure la. Figure 1b
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shows feldspats and pyroxene in the analyzed sample SB. Feldspats (basic plagioclases) are
significantly more prominent than pyroxene (diopside).
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Fig. 1. XRD of basalt samples: a. raw basalt; b. sintered basalt.
3.2. Microstructural analysis of basalt samples

In Figure 2, SEM microphotographes of the RB and SB samples are shown before the
cavitation process. The base of the examined sample of raw basalt, Figure 2a, was constructed
from a microcrystalline plagioclase with a microlitic structure. From fenocrystals, olivines,
rhombic pyroxene and rarely basic plagioclases have been identified. The basalt rock
structure is represented by olivine-pyroxene basalt. In the structure of sintered basalt, evenly
distributed crystals of plagioclase and pyroxene are present in the basic mass of the sample,
Figure 2b. The structure of RB and SB samples contains bubbles of various sizes, wich are
filled with air or glass, Figure 3. The present bubbles on the surface of the samples cause
surface roughness and the appearence of pits. RB sample contains a large number of tiny
bubbles, Figure 3a, while the SB samples contained bubbles of larger dimensions that are
embedded in the cryptocrystalline-glass base, Figure 3b.

Fig.2. SEM microphotographs of basalt samples: a. raw basalt; b. sintered basalt.
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Fig.3. The present bubbles in the basalt structure: a. RB sample; b. SB sample.

During the cavitation test, the changes of the present bubbles contained in the basalt
base, as well as the present pits on the surface of the sample RB and SB were monitored.

3.3. Mass change

Measurement of the mass loss of samples under the effect of cavitation during the test
time is shown in Figure 4. The mass loss resulting from cavitation damage is applied to the
ordinate, and the time intervals are displayed on apcis. It has been shown that the SB samples
have a significantly higher cavitation resistance with a cavitation rate of 0.019 mg/min
compared to RB samples with a cavitation rate of 0.738 mg/min. Analyzing the progression of
erosion of SB samples, it can be concluded that the mass loss is small, in the first 15 min the
mass loss is 0,91 mg and slightly increases to mass loss of 2,26 mg for 120 min of exposure.
In RB samples, it is evident that the incubation period at the early stage of the damage is
short, because the period without mass loss is almost negligible. According to the selected test
conditions in the first 15 min, the mass loss of the RB sample is up to 15 mg, and as the
exposure time increases, the cumulative mass loss of the sample gradually increases, almost
linearly to 88.5 mg in 120 min of exposure.
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Fig. 4. Mass loss of basalt samples during the cavitation erosion testing: RB-raw basalt; SB-
sintered basalt.
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A higher level of surface damage of RB samples can be interpreted by the rough
structure of the raw basalt sample in relation to the fine-grained and homogeneous structure of
the SB samples.

3.4. Image analysis

Figure 5 shows photographs of RB and SB samples during a cavitation test with
corresponding profile lines obtained using image analysis using Image Pro Plus [36]. It was
noted that the SB sample exhibits less surface damage than the RB samples and there is
almost no change in the dimensions of the pits that existed on the surface of the sample prior
to testing. The profile lines of SB sample are uniform, and individual peaks, which are present
at the same locations on the surface of the sample refered presence of individual pits, caused
by the presence of bubbles in the structure, which were identified prior to the start of the test.
On the RB sample the initial pits on the surface and the present roughness are changing and
increasing the dimensions during cavitation exposure time, which can be seen in the major
changes on the profile lines of RB sample during testing.
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Fig. 5. Photographs of raw and sintered basalt samples before and during the cavitation
erosion testing after implementation of red filter and corresponding line profiles.

The results shown in Figure 5 correspond to the results of damage to the surface of
RB and SB samples determined by applying image analysis on photographs of sample
surfaces during the cavitation time, processed and analyzed using the Image Pro Plus
software, shown in Figure 6.
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Fig. 6. Surface degradation level of raw and sintered basalt samples during the cavitation
erosion testing: RB- raw basalt; SB- sintered basalt.

At the end of 120 min test of SB samples, small changes were observed on the
surface of the sample, with a significantly smaller number of small pits in relation to the RB
samples in which the surface was damaged in a higher degree with the appearence of a
plurality of pits that in some places interconnected in larger and deeper pits. This corresponds
with the results of a gradual loss of sample mass during testing, Figure 4. At the end of
cavitation exposure damage to the surface of SB sample is 15 %, while damage to RB
samples is greater than 35 %, shown in Figure 6. This corresponds the results of determining
the average surface of the formed pits, P,, shown in Figure 7.
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Fig. 7. Average area of the formed pits: RB- raw basalt; SB- sintered basalt.

Figure 8 shows the dynamics of the formation of pits on the surface of RB and SB
samples during exposure to cavitation effect.

In the RB sample there are numerous small bubbles in the structure (Figure 3a),
which form a multitude of small pits on the surface of the sample, which affects the increase
in the roughness of the surface. By the operation of the cavitation process the number of
newly formed pits gradually increases. The occurrence of the connection of the pits to the
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larger and deeper pits affects the increase in damage on the surface of the sample, Figure 7
(after 120 minutes of cavitation operation the damage of the surface is 35 %, Figure 6). In the
SB samples there are individual larger bubbles in the structure (Figure 3b), there are
individual larger and smaller pits on the surface of the sample before the beginning of the
cavitation operation. During the effect of cavitation, a small number of pits on the sample
surface are formed near the already existing bubbles, Figure 8. Formed pits slowly change the
surface during the effect of cavitation, Figure 7. The analysis of the SB samples showed that
the initial pits on the surface of the sample were most likely due to the presence of bubbles in
the structure, do not change during exposure, as can be seen on photographs of SB samples
during testing. Creating a smaller number of pits creates less damage to the surface area of the
SB samples, so that after 120 minutes of cavitation operation the surface damage is below 15
%, Figure 6.
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Fig. 8. Number of the formed pits: RB- raw basalt; SB- sintered basalt.

The change in the morphology of the sample surface RB and SB with the test time
was followed by scanning electron microscopy, Figures 9 and 10.

a. c.

Fig. 9. SEM microphotography of the deformed surfaces of the RB sample with different
magnitudes and cavitation effects.

Fig. 10. SEM microphotography of the deformed surfaces of the SB sample with different
magnitudes and cavitation effects.
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On the surface of the RB sample in the first 15 minutes of the cavitation operation,
shallow pits are formed and the roughness of the surface is increasing, Figure 9a. For 30
minutes of cavitation operation, a greater number of pits are formed near the already existing
bubble, Figure 9b. During the 60 minute cavitation operation, the appearance of the surface of
the existing bubble changes slightly, the pits formed near the bubbles are increased, Figure 9c.
The surfaces of already existing bubbles are slightly changed during cavitation operation for
120 min, Figure 9d.

On the surface of the SB sample in the first 15 minutes of the cavitation effect there
was no change in the surface area of the sample, Figure 10a. With the effect of cavitation for
30 minutes, small pits are formed near the existing bubbles, Figure 10b. With the effect of
cavitation for 60 minutes, Figure 10c, there is no major change in the formed pits and the
existing bubble. Bubble areas are very little changed during the effect of the cavitation, for
120min, Figure 10d.

4. Conclusion

The effects of the ultrasonic vibratory cavitation test method for the determination of
cavitation damage of the raw and sintered basalt were studied in this paper. The aim was to
determine the possibility of using these samples based on basalt to obtain the wear resistant
construction elements of equipment in metallurgy and mining which are exposed to high
cavitation loads. Analysis of mass loss and progression of erosion of sample surface during
the cavitation process showed different effects of cavitation damage of raw basalt samples
and sintered basalt samples:

- The mass loss of raw basalt samples in the first 15min of selected test conditions is
up to 15 mg, and as the exposure time increases, the cumulative mass loss of the sample
gradually increases, almost linearly to 88.5 mg in 120 min of exposure, with a cavitation rate
of 0,738 mg/min and total surface area damage of 35 %.

- Analyzing the progression of erosion samples of sintered basalt, it can be concluded
that the mass loss is small, in the first 15 min the mass loss is 0,91mg and slightly increases to
a mass loss of 2,26 mg for 120 min of exposure, with a cavitation rate of 0.019 mg/min and
total surface damage of the sample surface less than 15 %.

- The raw basalt samples compared to sintered basalt samples have got the higher
erosion rate, and that can be interpreted by the rough structure of the olivine-pyrroxene basalt
from Vrelo-Kopaonik deposit, compared to the compact structure of the obtained sintered
samples, with homogenous structure, very great hardness.

- The change in the morphology of the surface of the samples followed by scanning
electron microscopy. The damage of the surface of the raw basalt samples begins with the
appearance of a large number of small pits on the surface of the sample. By further exposure
these pits increase and in some places interconnect and form larger and deeper pits that
damage the surface of the samples. On sintered basalt samples, tiny pits appear on the surface
only after 30 minutes of exposure. The pits change the shape and dimensions very little until
the end of the test. In both samples, it was found that, with prolonged cavitation (120 min),
there is an increase in the erosion of the surface of the pits formed near the present bubbles in
the base of the basalt. The increase in the erosion of surfaces damaged by bubble during
cavitation has not been established.

- The results have enabled the evaluation of the quality of the samples studied and form the
basis for the development of basaltic product aquisition technologies by the sintering process.
Serbia has significant reserves of quality basaltic rocks, but lacking the developed
technologies and adequate production capacity for processing basalt raw materials. The
technologies for the production of basalt products by casting and sintering are enviromentally
clean, and basalt products are not carcinogenic. It has been shown that sintered basalt samples
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based on olivine-pyrroxene basalt from the test deposit can be applied in conditions in which
high cavitation loads are expected.
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Caopocaj. YV pady je ananuzupana mopghonocuja kasumayuonoe outmeherba y30paka pogHoz
u cunmeposanoe 6azamma. Excneumenm je ohen npumenom yampaseyune 6ubpayuoue
memooe npema cmanoapoy ACTM [-32. Toxom oopehusarwa omnoprocmu Ha 0ejcmeo
Kagumayuje npahena je npomena mace y30paka y QyHKyuju gpemena 0enogarba Kagumayuje.
Mopgonocuja owmeherwa Hacmanoe Oejcmeom Kasumayuje npahena je  CKeHue
eeKMPOHCKUM MUKPOCKONOM, @ HUB0 Oezpadayuje nospuine y30paxa KeaHmuguxkosam je
npumeHom awanuse ciauxe. Pesynimamu cy noxazanu sHamuo eefiu cmenen OmmopHocmu
cunmeposanoe bazanma, ca xasumayuonom opsunom 0,019me/mun y o0onocy Ha posHu
bazanm, ca kasumayuornom opszunom 0,738 me/mun. Ilocre 120 munyma uziazarea oejcmey
Kasumayuje youeH je Maru Opoj CUMHUX jamMuya Ha NOBPUIUHU CUHMEPOBAHO2 6A3AIma, 00K
je K00 poenoe bOazanma Koncmamogan eehu cmenen owmelierba nospuiuHe ca Nojagom
OpojHUX jamuya, Koje ce Ha nojedunum mecmuma molhycobrno cnajajy y éehe u 0yomwe jamuye.
Hobujenu pezynmamu ykazyjy wa mocyhnocm npumene cuHmeposanoz 6azaima 3a u3paoy
denosa koju he bumu uznoxicenu 0ejcmey 8UCOKUX KagumayuoHux onmepehersa.

Kuyune peuu: poenu 6azarm, cummeposanu Oazaim, Kagumayuona owmehersa, 2youmax
mace, aHanusa Ciuke.
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