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Abstract:

This paper presents the technological process for obtaining basalt-stainless steel
composite materials and testing their physical and mechanical properties. The phases of the
technological process consist of: milling, homogenization, pressing, and sintering to obtain
composite materials with improved fracture toughness. Andesite basalt from the deposit site
"Donje Jarinje", Serbia, was used as a matrix in the composites, while commercial austenitic
stainless steel 316L in the amount of 0-30 wt.% was used as a reinforcement. Although the
increase of 316L amount caused a continuous decrease in the relative density of sintered
samples, the relative density of sample containing 30 wt. % of 316L was above 94%. The 316L
grains, which possess a larger coefficient of thermal expansion than the basalt matrix,
shrinking faster during cooling from sintering temperature resulting in the formation of
compressive residual stress in the basalt matrix surrounding the spherical steel grains. The
presence of this stress activated toughening mechanisms such as crack deflection and
toughening due to compressive residual stress. The addition of 20 wt.% of reinforcing 316L
particles increased the fracture toughness of basalt by more than 30%. The relative density of
these samples was measured to be 97%, whereas macrohardness was found to be 6.2 GPa.
Keywords: Composite materials; Andesite basalt; Stainless steel 316L; Sintering; Cracks.

1. Introduction

The wide use of ceramic materials is based on a good combination of properties, such
as relatively low density, excellent resistance to high temperatures, high hardness, good wear-
resistance, and chemical inertness [1,2]. The main disadvantage, which still prevents the
wider application of ceramics, is the tendency towards brittle fracture. The brittle fracture
represents the separation of atomic levels. Each grain has a separate plane suitable for
separating atomic planes, which causes a fracture plane. Cracks in brittle materials such as
ceramics are not stable and spread rapidly without increasing stress, due to small plastic
deformation. The crack often spreads by splitting-breaking atomic bonds along specific
crystallographic planes [3,4].
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The lack of plastic deformations results in the formation of microcracks that are not
visible to the naked eye but cause a sudden fracture. Once cracks are formed, the mechanical
properties and structure of ceramic materials systematically degrade irreversibly, leading to
catastrophic fracture, and compromising the safety of material users. Sudden, catastrophic
failure is the most posted damage mechanism in technical ceramics caused by the rapid
growth of a single crack. The growth rate of crack is so high that crack arrest is almost
impossible [5-8]. A brittle fracture can progress at speeds of up to 1600 m/s, while a ductile
fracture progresses at speeds of about 500 m/s, although it can be slower [9]. For this reason,
high brittleness and insignificant ductility impede the wider use of ceramics as advanced
technical materials [10].

The fracture toughness of ceramic materials is still low, compared to metallic
materials, and for this reason, novel composite materials are developed daily to increase the
fracture toughness of the ceramic matrix. Many technical solutions require the application of
novel materials, which require properties that do not have pure metal material or its alloys as
well as ceramic materials. Such materials are called composite materials. Composite materials
have applications in various industries due to their advanced properties [11].

The division of composite materials based on the type of matrix can be Metal Matrix
Composites (MMC), Polymer Matrix Composites (PMC), and Ceramic Matrix Composites
(CMO) [3]. One of the key tasks in developing composite materials with a ceramic matrix is
to resist the sudden spread of cracks, i.e. increasing fracture toughness. The term initial crack
is attached to the ceramic matrix, while crack propagation is prevented by reinforcements,
which may be in the form of particles, fibers, or laminates.

Today, environmentally friendly and lightweight materials with good mechanical
properties produced from low-cost raw materials are highly required. The material that meets
all of these criteria is basalt. Basalt is a natural igneous rock of volcanic origin. It covers
about 70% of the Earth’s crust [12]. Basalt belongs to the group of grey-to-black colored and
extremely hard rocks. Basalt rock processing technology is completely eco-friendly, which is
very important for the ecology, energy- efficiency as well as economy of the modern age. Due
to its good properties, such as low thermal conductivity, high oxidation resistance, high
softening and melting temperatures [13], high chemical durability, high resistance to abrasion
and corrosion [14-16], high strength and hardness [17], low viscosity [18], minimal moisture
absorption, ability to withstand high temperatures, sound absorption properties [19, 20],
exceptional compressive strength resulted in the use of basalt-based products in various
industrial applications from civil and mechanical engineering, agriculture, construction
industry, and mining, to the transportation industry, metallurgy [21-26], and as a decorative
material [25, 27]. Basalt products do not show toxic, carcinogenic, mutagenic, or teratogenic
effects [28], therefore it can be said that basalt is non-hazardous material [29]. Also, basalt, as
well as sphene based glass-ceramic [30], is an excellent material for storing nuclear waste.
Today, basalt powder can be used as reinforcement in the polymer matrix to obtain novel
hybrid composite materials with improved cavitation resistance [31]. However, basalt, and
other ceramic materials, has a brittle fracture and low fracture toughness which in most cases
limits their application in various industries.

In the development of civilization, the significance of steel is reflected in the fact that
the average annual quantity of steel produced in the World is about ten times bigger than the
total amount produced of all other metals and alloys. Commercial stainless steels have a
significant application in making machine elements and constructions in the industry because
of their outstanding properties. The main properties of austenitic stainless steels are non-
magneticity, high plasticity, high toughness, high strength-to-mass ratio, and good low-
temperature properties, such as oxidation and corrosion resistance. A material such as
austenitic stainless steel 316L has found wide application in the chemical and petrochemical
industries [32,33], the nuclear industry [34], the pharmaceutical industry [35], the
manufacture of medical implants [36,37], biomedicine [38], aerospace, agriculture,
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construction [39] as well as at water desalination plants due to their excellent resistance to
seawater [40]. Metallic materials such as austenitic stainless steel have higher ductility, which
allows them to decompose stress concentrations by plastic deformation and thus stop the
sudden propagation of the crack. Therefore, they can absorb more energy under impact load,
because they deform plastically before breaking.

Although basalt shows numerous advantages for application in various industrial
areas, it has a brittle fracture and low fracture toughness as other ceramic materials. For this
reason, the presented research aimed to define the optimal technological process for obtaining
composite materials based on basalt as matrix and stainless steel as reinforcement with
increased fracture toughness relative to the monolithic basalt. As far as the authors know, this
is the first time that basalt-stainless steel composite materials have been obtained by sintering
using starting powder of basalt and powder of stainless steel.

2. Materials and Experimental Procedures
2.1 Materials and Synthesis

Basalt

As a starting material for the matrix of composite materials, the crushed basalt
aggregate 1 to 5 mm in size (Fig. 1), supplied from the deposit site "Donje Jarinje", Serbia,
was used. Basalt from this deposit site is noticeably black colored and classified as the
andesite basalt [26,28]. It can also be found in the literature under the name the basaltic
andesite [41].

Fig. 1.
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Fig. 1. The crushed andesite basalt aggregate.
Stainless steel

In this experiment, as the reinforcement of composite materials, was used austenitic
stainless steel. A starting powder of austenitic stainless steel diameter from 45 to 90 um was
used. Smaller particles were not at our disposal. According to chemical composition and
physical properties, the powder of austenitic stainless steel corresponds to commercial grade
steel SURFIT TM 316L [42,43]. In the following text, the austenitic stainless steel will be
designated as 316L.

The 316L powder has a spherical shape which is obtained by gas atomization, Fig 2.
The particles have satellites formed during the cooling of the droplets in the atomization
process, which can be clearly seen in Fig. 2. During the disintegration of the liquid jet by gas,
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the smaller droplets solidified faster and came into contact with the partially solidified larger
droplets.

Fig. 2. SEM of 316L gas atomized stainless steel powder.

To obtain the powder, the andesite basalt aggregate was milled in a tungsten-carbide
vibrating cup mill Fritsch Pulverisette 9, Germany. The milling lasted 60 min in a dry state at
800 rpm. The laser particle size analyzer Mastersizer 2000, Malvern Instruments Ltd., UK,
was used to determine the particle size distribution. After milling, the particle size distribution
of the andesite basalt powder was d(0.1)= 0.440 pum, d(0.5)= 1.463 pm, and d(0.9)= 6.844
um, Fig 3.
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Fig. 3. Particle size distribution of the andesite basalt powder after 60 min dry milling.

Fig. 4. SEM micrograph of the fine andesite basalt powder after 60 min dry milling.
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The morphology of the andesite basalt powder obtained by milling is shown in Fig. 4.
Clearly is visible the presence of angularly shaped particles with a rough surface on the SEM
micrograph as well as the agglomeration of small powder particles.

Fig. 4.

The obtained fine powder of andesite basalt was mixed with 0.6 wt.% of commercial
paraffin wax binder. Mixing lasted 10 min in a ceramic mortar by hand.

Thereafter, powder of 3161 was added to the ceramic mortar in an amount of 5, 10,
15, 20, 25, and 30 wt.%, and then the whole mixture (powder of andesite basalt, 316L and
binder) was mixed for another 20 min by hand. The spherical particles of 316L. powder are
suitable because they exhibit low interparticle friction, and high mobility during mixing [44].
For this reason, it takes less time to homogenize the powders during mixing which is
advantageous from the aspect of composite material production.

After homogenization, the powders mixture is preloaded under a cold uniaxial and
one-sided pressure of 50 MPa to obtain cylindrical green compacts 12 mm in diameter. After
that, green compacts were cold isostatic pressed (CIP) under a pressure of 230 MPa for 2 min
to increase their density.

To remove the binder and organic impurities, moisture, chemically bonded water
from andesite basalt, the green compacts first, were slowly heated up in the air to 100°C at the
heating rate of 1 °C/min and held at this temperature for 60 min. Then, additionally heated up
at the same rate to 650°C and held for 60 min. After that, the green compacts were heated to
the sintering temperature at the heating rate of 5 °C/min. Sintering was performed at 1060 °C
for 60 min. The cooling rate to room temperature was 5 °C/min. The green compacts were
sintered in the air in the laboratory high-temperature electric resistance box furnace Elektron
VTP-03, Serbia. With these parameters, the highest relative density of sintered andesite basalt
was obtained, which in this case represents the matrix of the composites.

2.2 Materials characterization

The pycnometric densities of andesite basalt powder and 316L. powder were obtained
using a pycnometer, distilled water, and analytical balance KERN ADB 100-4, Germany,
with an accuracy of + 0.001 g. Archimedes’ method was used for the measurement relative
density of the sintered composite samples.

To examine the microstructural characteristics of the sintered composite samples
these samples were ceramographic prepared. The ceramographic preparation method involved
grinding with SiC abrasive paper 1000 grit and polishing with 1 pm diamond paste. The
microstructure of sintered composite materials was investigated by a light optical microscope
(LOM) Zeiss Axioplan LM, Zeiss, Germany. Morphological characterization of the andesite
basalt powder and 316L powder was performed using an SEM Tescan VEGA TS 5130 MM,
Tescan, Czech Republic.

The macrohardness and fracture toughness of the sintered composite samples were
determined utilizing the Vickers indentation hardness tester. All Vickers hardness and fracture
toughness measurements were conducted at 5 measuring points of each sample. Applying a
load of 3 kgf (29.421 N) was used to determine the macrohardness and the fracture toughness
of the composite samples by model Buehler Identamet 1114, Buehler, Germany. The Vickers
macrohardness (HV; [GPa]) was calculated [45,46] and measured in the andesite basalt
matrix, in the zone around the 316L grains. The applied load of 3 kgf was used to form longer
cracks in the composite matrix and to monitor their propagation when encountering the
reinforcement. According to Eq. (1), the half-penny crack model was used for calculating
fracture toughness in brittle materials [46,47]:

ey
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P
K,.=0.0752-—
c?
where Kjc is the fracture toughness [MPa\/m], P is the indentation load [N], while ¢ is the
measured crack length [m]. If a [m] is the half-diameter of the indented section and c/a > 2
then the crack model can be considered as the half-penny model.

3. Results and Discussion
3.1. Relative density

The measured pycnometric densities of andesite basalt powder and 316L powder
were 2630 kg/m® and 7930 kg/m’, respectively which is in a good agreement with the
literature data [28,48]. These values are used to calculate the relative density of sintered
composite samples assuming the mixture rule. The effect of the 316L amount on the relative
density of sintered composite samples is shown in Fig. 5.
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Fig. 5. Effect of 316L. amount on relative density of the composite samples sintered at 1060°C
for 60 min.

Fig. 6. LOM micrograph of polished surface of the monolithic andesite basalt sintered at
1060°C for 60 min.



V. Pavkov et al.,/Science of Sintering, 55(2023)145-158 151

The highest relative density of 99.81% was measured in monolithic basalt, i.e. pure
andesite basalt without 316L particles. The achieved high relative density of the sintered
monolithic andesite basalt is the result of a carefully performed technological process and
accurate determination of the optimal synthesis parameters described in the experimental
section. As Fig. 5 evidences, the increase of 316L reduces the relative density of composite
materials, which achieves a value of 94.67% in samples containing a maximum amount of
316L, i.e., 30 wt.%. It is expected since it is known that 316L particles present obstacles for
fast material transport during sintering and therefore hinder densification of andesite basalt
matrix in samples containing large amounts of 316L. Fig. 6 confirms that just few small pores
(marked with yellow arrows) were observed on the polished surface of monolithic andesite
basalt.

Fig. 7. LOM micrograph of polished surface of the composite material with 20 wt.% of 316L
sintered at 1060°C for 60 min.

Fig. 7 shows LOM micrograph of a polished surface of the composite material with
20 wt.% of 316L in the andesite basalt matrix. The 316L grain circular cross-section in the
matrix is clearly seen in Fig. 7. The andesite basalt matrix adheres well to the steel grain.

3.2. Shrinkage
13.5
13.0 -
L]
12.5 4
T 1204
g 154 .
£ 1
= e
5 104 :
E .
10.5 4 :
.
10.0 4 i~
95 T T I 1 1 1 1
0 5 10 15 20 25 30

Amount of 316L (wt.%)

Fig. 8. Effect of 316L amount on shrinkage of the composite samples sintered at 1060°C for
60 min.
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The effect of 316L. amount on shrinkage of the composite samples after sintering is
presented in Fig. 8. which shows that the highest shrinkage of 12.89% was measured in the
samples of the monolithic andesite basalt. As the amount of 316L increases, the shrinkage
during sintering decreases linearly. The decrease in shrinkage value with an increasing
amount of 316L in the composite materials is expected knowing that steel particles do not
sinter at 1060°C due to considerably higher sintering temperature. Since the 316L particles do
not shrink, the overall shrinkage of the composite is smaller than the monolithic andesite
basalt. The minimum shrinkage of 9.97% was measured in the composite material samples
containing 30 wt.% of 316L. After sintering, the difference between the minimum and the
maximum shrinkage value was 2.92%.

3.3. Weight loss after sintering

The effect of 316L amount on the weight loss of the composite samples after sintering
is shown in Fig. 9. From the results presented in Fig. 9, it can be observed that the highest
weight loss of 3.43 wt.% was detected for the samples of monolithic andesite basalt. On the
other hand, the lowest weight loss of 1.97 wt.% was detected for the samples of composite
material with 30 wt.% of 316L. It can be concluded that with the increase of the amount of
316L in the composite materials there is a decrease in weight loss after the sintering, which is
expected. During the sintering of monolithic andesite basalt, weight loss occurs due to the
hygroscopic moisture evaporation, the chemically bound water removal, burnout of the
organic impurities, dissociation of the present carbonates and sulfides, and removal of the
gaseous inclusions [49,50] while weight loss of 316L does not occur at the temperature of
1060°C.
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Fig. 9. Effect of 316L amount on weight loss of the composite samples sintered at 1060°C for
60 min.

3.4. Macrohardness

The effect of 316L. amount on macrohardness of sintered composites containing 0-30
wt.% of 316L is presented in Fig. 10. The Fig. 10 clearly shows that as the amount of 316L in
the samples of composite material increases, the macrohardness of the composite materials
decreases. The maximum macrohardness of 6.70+0.05 GPa was measured in the samples of
monolithic andesite basalt, while the minimum macrohardness of 6.09+0.24 GPa was
measured in the samples of composite material with 30 wt.% of 316L. If compare the values
of relative density, shown in Fig. 5, with the values of macrohardness, shown in Fig. 10, it is
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clear that with a decrease in relative density there is a decrease in macrohardness of the
composite materials, which is expected. Also, the reduction of macrohardness in the
composite materials is due to the low hardness of the 316L, which according to the
manufacturer's specification is 160 [HV 3] [42] i.e. 1.569 GPa.
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Fig. 10. Effect of 316L. amount on macrohardness of the composite samples sintered at
1060°C for 60 min. Variability of the measured macrohardness values is presented with
standard deviation.

3.5. Fracture toughness

The effect of 3161 amount on fracture toughness of sintered composites containing 0-
30 wt.% of 316L is presented in Fig. 11. The presence of the 316L grains in the andesite
basalt matrix contributed to the increase of fracture toughness, which is clearly seen in Fig.
11. The minimum fracture toughness of 1.93£0.39 MPaVm was measured in the samples of
monolithic andesite basalt. The fracture toughness increases with addition of 316L reaching
maximum value of 2.56+0.71 MPaVm in samples containing 20 wt.% of 316L. If compared to
the fracture toughness of monolithic andesite basalt it can be concluded that the addition of 20
wt.% of 316L increased fracture toughness of andesite basalt by 32.6%. Further increase of
316L amount above 20 wt.% was followed by the decrease of fracture toughness as a result of
low relative density of samples containing above 20 wt.% of 316L (Fig. 5).
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Fig. 11. Effect of 316L amount on fracture toughness of the composite samples sintered at
1060 °C for 60 min. Variability of the measured fracture toughness values is presented with
standard deviation.
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Fig. 12 shows the indentation mark of the regular four-sided diamond pyramid in the
monolithic andesite basalt and four long radial cracks. The cracks are long and radial as the
crack tips do not encounter an obstacle (reinforcement) in the monolithic andesite basalt,
which can suppress crack propagation and increase the material's fracture toughness.

Fig. 12. LOM micrograph showing the indentation mark on the polished surface of
monolithic andesite basalt after sintering and four long radial cracks.

Fig. 13. LOM micrograph show bypasses and stops of the cracks in the andesite basalt matrix
when encountering spherical 316L grains in the composite material with 20 wt.% of 316L.

However, as Fig. 13 evidences, the crack length in the sample containing 20 wt.% of 316L is
considerably reduced due to the interaction of the crack tip with the steel grains, i.e.,
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reinforcements, which stop, slow down, and divert crack propagation. This prevents the
occurrence of catastrophic failure in the ceramic matrix. Fig. 13 shows the cracks in the
andesite basalt matrix and the reinforcement of 316L grains in the composite material with 20
wt.% of 316L. Large grains of the 316L are very effective in activation of the crack deflection
toughening mechanism. The crack propagates around the grains losing energy after each
deflection due to a decrease of stress concentration at the crack tip [51]. If the extent of
debonding is sufficient, the matrix crack bypasses the grain of 316L, leaving it intact. As can
be clearly seen in Fig. 13, cracks propagation is no longer radial, as in the monolithic andesite
basalt (see Fig. 12). The crack bypasses the reinforcement and thus loses energy, which
contributes to increasing the fracture toughness of the composite materials.

Also, an important toughening mechanism that cannot be detected by microscopic
observation and is typical for composite materials is toughening due to residual stress created
due to the difference in coefficients of thermal expansion of matrix and reinforcing phase. If
the reinforcing phase, such as the case in the basalt-stainless steel composite, shrinks more
than the matrix during cooling from sintering temperature to room temperature then
compressive stress in the matrix, close to the reinforcing phase, will be created [52]. This
compressive stress reduces tensile stress at the crack tip, which improves fracture toughness
in these composite materials. The formation of compressive residual stress in the composite
material also affects cracks' slowdown propagation, thus increasing the fracture toughness.
Compressive stress reduces the tensile stress at the crack tip and increases the fracture
toughness of the composite materials.

4. Conclusion

Mechanical elements and constructions made of ceramic materials are full of defects
that exist even before they are mechanically loaded. Cracks and damage impair the integrity
of a structure. Defects, and especially microcracks, constantly grow during exploitation due to
the action of external loads, merge with the existing ones until larger cracks appear which can
cause a catastrophic fracture. This means that it is very important to prevent the crack from
progressing in ceramic materials so as not to jeopardize the integrity of the structure. One of
the possible solutions for preventing catastrophic fracture in ceramic material is the
production of composite materials with the ceramic matrix and the metal reinforcement which
is presented in this paper.

Based on the obtained experimental results, the following can be concluded:

e Applying the technological process, which consists of: milling, homogenization,
pressing and sintering in air, the basalt-stainless steel composite materials can be
obtained, using andesite basalt and 316L austenitic stainless steel as starting
materials.

e As the amount of 316L increases, the relative density of the composite materials
decreases. The highest relative density of 99.81% was measured in the monolithic
andesite basalt.

e As the amount of 316L increases, the shrinkage of the composite materials decreases.
The highest shrinkage of 12.89% was measured in the monolithic andesite basalt.

e As the amount of 316L increases, the weight loss of the composite materials
decreases. The minimum weight loss of 1.97 wt.% was measured in the composite
material with 30 wt.% of 316L.

e As the amount of 316L increases, the macrohardness of the composites decreases as a
function of relative density. The highest macrohardness of 6.70+0.05 GPa was
measured in the monolithic andesite basalt.
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As the amount of 316L increases up to 20 wt.%, the fracture toughness increases and
reach the maximum of 2.56+0.71MPaVm in the composite material with 20 wt.% of
316L, which is 32.6% higher than the monolithic andesite basalt which value is
1.93+0.39 MPavm.

Key reasons why a crack bypasses or stops in front of the 316L grains, which

contributes to the increased fracture toughness of the composite materials:

The 316L grains are ductile as opposed to brittle andesite basalt grains, so the crack
spreads more easily through the brittle than through the ductile zone.

The 316L steel grains are spherical, which causes the crack to lose energy when it
bypasses them.

The boundary between the matrix and the reinforcements is the weakest part of the
composite material. For this reason, a crack propagates around the 316L grain and so
loses energy. Bearing in mind that the crack always moves along the line of the
smaller resistance.

The creation of residual compressive stress around the 316L grains, due to different
coefficients of thermal expansion of the matrix and reinforcements, stops or redirects
the propagation of the crack.

Composite materials are rightly considered materials that will represent the main

direction of innovation in the near and distant future of novel materials.
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Caricemak: Y o06om pady je npukazaH mMexHOIOWKU npoyec 000Ujarba KOMNOZUMHUX
mamepujana bazarm-uvephajyhu ueaux, Kao U UCHUMUBAILE FUXOBUX DUSUUKUX U MEXAHUUKUX
ceojcmasa. Texnonowku npoyec ce cacmoju 00 ciedehux ¢haza: miegere, XoMoeeHu3ayuja,
npecosarse U CUHMeposarbe y Yunby 000ujara KOMNOUMHUX Mamepujaia ca nooosuanom
arcunaeowhy noma. Kao mampuya y xomnosumuum mamepujanuma Kopuuihien je anoesum
bazanm ca nokamumema ,Jowe Japure®, Cpbuja, 0ok je kao ojauasay Kopuuiheu
Komepyujannu aycmenumuu uephajyhu uenux 316L y cadpocajy 0-30 mesc.%. Hako je
nogeliare caopoicaja  316L  u3a36ano KOHMUHYATHO CMArerbe peiamughe  2yCmume
CUHMEPOBAHUX Y30PAKA, PELAMUEHA 2yCUNA Y30paka koju caopice 30 mexc.% 316L ouna je
usnao 94%. 3pua 316L, koja nocedyjy eehiu koeguyujenm moniommnoz wuperba 00 bazaimue
mampuye, Opoice ce CKynwajy moxkom Xiaahera HAKOH CUHMEPOBArsd, WO 00800U 00
CMBaparea NPUMUCHUX 3A0CMAIUX HANOHA V 0a3a1mHOj Mampuyu Koja oxpyoicyje cgepha
spHa uwenuxa. Ilpucycmeo 3aocmanoe Hanpe3arba CMBOPUNO je YCI08e 3d AKMUBUPAIbE
MEeXanHu3ama 0jayasarba Kao wmo cy CKpemarbe NpCiuHe U 0jayasarbe ycied APUmMUCHUX
3aocmanux Hanona. [{ooasarwwe 20 meowc.% yecmuya 316L xao ojauasaua noeehano je
arcunaeocm roma oasarma 3a euuie 00 30%. Hsmepena apednocm peramusHe 2ycmune 08uUx
y3zopaka je 97%, 0ok je epeonocm maxpomepookie 6,2 GPa.

Kuwyune peuu: rxomnosumnu mamepujanu, andesum oazanm, uephajyhu weaux 316L,
CUHmMepOo8arbe, NPCiuHe.
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