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Perlite, an inexpensive mineral raw material, served as a base to synthesize an opaque glass-crystalline mate-
rial containing in the bulk nanosized wollastonite and gehlenite crystals of average size 100 nm. The phase
composition, microstructure, and strength properties of the material were investigated. Changes effected in the
composition and size of the crystal grains by varying the amount of catalyst and silica content in the initial
mixtures make it possible to control the physical and mechanical properties of the resulting material. High
strength and high hardness make it possible to use this material for protection against high-velocity impacts,

including bullets from firearms.
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INTRODUCTION

Substantial progress has been made in the development
of new glass-ceramic (glass-crystalline) materials with
unique physicomechanical and chemical properties [1, 2].
On account of their thermal and chemically resistant proper-
ties, mechanical strength, and dielectric properties such ma-
terials are widely used as substrates for microcircuits, in heat
exchangers and chemical reactors, electronic and space tech-
nology, the chemical industry, military practice, and else-
where [3, 4].

Glass-ceramic (GC) materials are produced by catalyzed
crystallization of glass of a certain composition, in which
process nuclei are formed and bulk or surface crystallization
of various phases occurs, so that the material transforms into
a polycrystalline structure [5, 6]. Glass-ceramics, as a rule,
have a fine-grained structure, the size of its crystalline
grains, uniformly distributed in the residual glass matrix, is
usually less than 1 um [7], which is many times smaller than
the grain size in conventional ceramic materials. With certain
compositions, it is possible to obtain GC material with an
ultrafine structure, when the crystallite sizes are smaller than

! Russian-Armenian (Slavic) University, Yerevan, Armenia
(e-mail: stepan.petrosyan@rau.am).

2 Institute of Radiophysics and Electronics NAS RA, Ashtarak, Ar-
menia (e-mail: stepan.petrosyan@rau.am).

3 . .
Yerevan State  University, Yerevan,
l.grigoryan@ysu.am).

Armenia  (e-mail:

100 nm. Such GC materials, called nanocrystalline [8, 9],
possess a high elastic modulus and make it possible to polish
their surfaces to an average roughness level of 5 A. The main
properties of GC materials (mechanical strength, ballistic ef-
ficiency, dielectric constant, chemical stability, linear ther-
mal expansion coefficient, etc.) can be systematically con-
trolled, since they depend not only on the chemical composi-
tion of the original glass, but also on the resulting crystalline
phases, grain sizes, and residual glass/crystal phase ratios
[5, 10].

Much attention also goes to special types of glass cera-
mics, which are simultaneously characterized by heightened
mechanical strength and transparency in the optical or radio
ranges of electromagnetic waves [11, 12].

A variety of natural and artificial raw materials can be
used to obtain GC materials [7, 10, 13]. The main compo-
nents of GC materials are usually silica SiO,, alumina Al,O5,
oxides of sodium Na,O, calcium CaO, and magnesium MgO
[6]. Based on the chemical composition of natural materials
of volcanic origin such as perlite [14, 15], it can be argued
that perlite can be used as the main raw material for the syn-
thesis of a new type of GC material.

For example, in [16] glass-ceramic substrates for elec-
tronic devices and circuits were successfully synthesized by
means of simultaneous sintering—crystallization of perlite
glass powder.

The present work is devoted to the preparation and study
of the physical and mechanical properties of perlitic GC-ma-
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TABLE 1. Basic Chemical Composition of Perlite from the Aragats Deposit (Armenia)

Index Si0, ALO;,

CaO MgO Fe,04 TiO, Na,O + K,0

Weight content of the components, % 73.00 13.12

0.84 0.24 0.82 0.22 7.72

terial depending on the amount of silica transferred from
perlite to the glass composition and on the content of the
crystallization catalyst added to the initial composition of the
glass. In addition, the possible control intervals will be
found, depending on the composition of the initial charge, for
controlling the properties of the synthesized material.

MATERIALS AND INVESTIGATIVE METHODS

The synthesis process begins with the preparation and
mixing of the starting glass components. The basic make-up
of the prepared charge (wt.%) consisted of perlite from the
Aragatskoe deposit in Armenia (the chemical make-up of
perlite is presented in Table 1) — 30—-60; CaCO; —
30 —40; Na,CO; — 0 — 5. To create conditions for heteroge-
neous crystallization, a catalyst from the fluoride group is in-
troduced in amounts 0 — 8 wt.% into the glass composition.
Electron-microscopy shows that the choice of such a catalyst
and its content in the initial glass composition and crystalli-
zation conditions are key factors for obtaining GC materials
with a nanocrystalline structure

Glass melting was conducted for 8 —10h at 1350 —
1400°C in corundum crucibles. After melting, glass is
formed and then annealed at 500 — 530°C. Next, to create the
necessary microstructure, the samples underwent heat treat-
ment in two stages. First, on soaking at 600 — 650°C for 1 h,
crystalline nuclei form and grow, which creates a framework
that strengthens the sample and prevents its deformation. At
the second stage, the temperature is raised to 750 — 850°C
and the sample is soaked in order to crystallize the main sub-
stance of the glass. In the course of the entire crystallization
process, the rise rate of the temperature did not exceed
5 K/min. The homogeneity of the initial charge and the con-
trollability of the crystallization process make it possible to
obtain a GC-material with a fine-grained structure and high
mechanical strength.

The elemental composition of the GC-material was de-
termined by energy-dispersive x-ray spectral microanalysis
using a Stereoscan-360 scanning electron microscope com-
bined with a Link AN10000 analyzer (USA). The phase
composition of the GC-material was identified using the
x-ray diffraction technique using a PANanlytical BV diffrac-
tometer (Holland) (CuKa radiation). The kinetics of crystalli-
zation was studied by non-isothermal differential thermal
analysis (DTA) using a Paulik—Paulik—Erdey Q-1500D deri-
vatograph (Hungary). The reference material was calcined
Al,O5 powder, sample weight 1 g. The microhardness of the
GC samples was measured with a Digital MicroVickers
HardnessTester DV-1At-8 (China), the microstructure of the
samples was studied with a scanning electron microscope

TABLE 2. Starting Make-Ups for the Synthesis of Series-A GC
Samples

Catalyst from
Sample No.  Perlite, % CaCOs,%  Na,CO3,%  the fluoride
group, %
Al 52.0 43.0 3.0 2.0
A2 52.0 42.5 3.0 2.5
A3 52.0 42.0 3.0 3.0
A4 52.0 41.0 3.0 4.0
A5 52.0 40.0 3.0 5.0
A6 52.0 39.0 3.0 6.0
A7 52.0 38.0 3.0 7.0

(SEM) Vega-Tescan (Czech Republic), surface morphology
The SC material was studied using images obtained with an
atomic force microscope (AFM) SolverNext NT-MDT (St.
Petersburg). The velocities of longitudinal and transverse ul-
trasonic waves in the GC material were determined using a
pulsed Ultrasound installation (Russia). The density of the
material was measured by hydrostatic weighing.

RESULTS AND DISCUSSION

Phase composition and microstructure

Numerous GC samples were synthesized in the above
range of the make-up of the initial charge, including two se-
ries of samples with different contents of SiO, (calculated
taking into account the glass transferred from perlite to the
initial composition and added silica) and the crystallization
catalyst. In the first series of samples (series A), the perlite
content (and, accordingly, SiO,) remained constant, and the
catalyst content was increased by reducing the amount of
CaCOs; in the initial charge (Table 2). In the synthesis of the
second-series (series B) samples, the SiO, content changed,
increasing on account of CaCOj content reduction (Table 3).
Of note, the catalyst content remained constant at 7% in the
synthesis of all samples of series B. Homogeneous and
void-free GC samples were obtained as a result of crystalli-
zation.

An example of the elemental composition of one of the
series-A (A7) samples of perlite glass ceramics is shown in
Fig. 1. The main elements in this material were C, O, Si, Al,
Ca, Na, F (at.%): 12.23, 52.47, 6.92, 3.39, 7.22, 4.16, and
2.75 respectively. Note that the same elemental composition,
but in different percentages, is characteristic of all of the se-
ries-A and -B samples.

To study the kinetics of crystallization and to determine
the optimal temperature ranges of crystallization, DTA of the
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Fig. 1. Elemental make-up of an A7 sample of perlite glass-ceramic.
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Fig. 2. DTA curves for glass-like perlite sample A7. The curves
were obtained for different rates of heating.

obtained samples was conducted at different heating rates in
the range 300 — 1000°C. It is clear from the curves shown in
Fig. 2 that for a typical sample (A7) two thermal effects ap-
pear at all heating rates: endothermic in the glass transition
temperature range (glass transition temperature 7, near

TABLE 3. Starting Make-Ups for the Synthesis of Series-B GC
Samples

Catalyst from
Sample No.  Perlite, % CaCO5,%  Na,CO3,%  the fluoride
group, %
Bl 20 70 3 7
B2 30 60 3 7
B3 35 55 3 7
B4 40 50 3 7
B5 45 45 3 7
B6 55 35 3 7
B7 60 30 3 7
B8 65 25 3 7
B9 70 20 3 7

600 4 X
X - CaSiO,

a-AlLCa,SiO,

Intensity, arb. units

60 20, deg

Fig. 3. X-ray diffraction pattern (CuKa) of sample A7.

550°C) and exothermic on account of glass crystallization
(maximum crystallization temperature 7,). The exothermic
peak is in the range 730 — 820°C, and as the heating rate in-
creases, the maximum crystallization temperature shifts to-
wards higher temperatures. Of note, similar DTA curves ob-
tain for most series-A and -B samples.

Analysis of x-ray diffraction spectra leads to the conclu-
sion that, depending on the make-up of the initial charge and
the amount of catalyst, the formation of six main crystalline
phases is possible, including calcium silicates CaSiO; (wol-
lastonite), dicalcium Ca,SiO,, tricalcium Ca;SiOj (alite), and
Al,Ca,Si0O; (gehlenite), Al,Ca;Si, (aluminum-calcium sili-
cate), and Al 4,Ca ¢gNa, 351, 3,04 (labradorite).

For example, Fig. 3 shows the diffraction spectrum for a
sample with catalyst of about 7%. Diffraction peaks are visi-
ble at angles 20 =27.4402°, 29.2035°, 30.8832°, 48.358°,
and 58.4470°, which correspond to reflection from the crys-
tallographic planes (—202), (023), (212), (-334), (027) of
wollastonite CaSiO;. In addition to this main crystalline
phase, diffraction lines are also clearly visible in this sample
at the angles 31.1905°, 35.2238°, 39.1596°, 44.9475°,
50.0883°, and 53.0458°, characteristic of the crystallo-
graphic planes (121), (002), (112), (122), (041), and (331) of
gehlenite Al,Ca,SiO;.

The duration of the crystallization process significantly
affects the microstructure of the GC material. Figure 4 dis-
plays images of the surface of the GC material taken using
SEM. No features were found in the initial glass phase. How-
ever, after heat treatment, when the sample was subjected to
crystallization, at 850°C for 2 h, volumetric phase separation
in the GC material clearly manifests itself, crystalline grains
appear, distributed evenly in the glassy matrix. On subse-
quent increase in the crystallization time, an increase in the
size of the crystals occurs — they grow together and combine
into elongated crystals of a micrometer scale. As a result, the
crystal/glass volume ratio increases.

Similar transformations of the microstructure are shown
by AFM images of the polished surfaces of the GC sample
(Fig. 5). It is clear from the AFM images that the average
surface roughness of the nanostructured sample does not ex-
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ceed 8 nm, which is a consequence of the fine-grained qua-
lity of the GC material

Using AFM images, the size distribution of crystalline
grains was analyzed at different catalyst contents. For exam-
ple, the distribution of crystals over the diameter d for sam-
ple A7 is shown in Fig. 6, showing that this distribution, sim-
ilar to other nanomaterials [17], is close to log-normal and is
characterized by the distribution function

_ 1 _ _ 2 2
f(d)—dzexp{ (Ind-Indy)’ /20 } (1)

2nc

where 6 and d|, are constant parameters.

The best comparison with experimental data is obtained
at dy =113 nm, ¢ =0.59. Knowing these parameters, from
the known dependencies [17] it is easy to estimate the aver-
age diameter d,, of grains and the standard deviation of the
quantity 6= (d — d,, )*:

d,, =d, exp(; o’ j =13535nm,

G=d; exp(c”)[exp(c”)—11=7917.7nm>, )

Note that similar studies conducted for a series of B sam-
ples show that an increase in the average grain diameter is
observed as the catalyst content decreases.

Mechanical strength of GC material

The mechanical strength of a material is one of its most
important characteristics, since high strength is often the
main requirement that determines the suitability of a given
material for a specific practical application. The mechanical
strength of the GC material, the compressive strength, and
the Vickers microhardness were measured; the elastic moduli
were found by the means of ultrasonic velocities.

Microhardness measurements were performed on more
than 10 samples of this composition, after which their aver-
age values were taken. The spread of the results of measure-
ments of microhardness, sound speed and density did not ex-

0 :
0 0.1 02 03 0405 06 0708 09 1.0
pm

Fig. 5. Surface morphology of the GC sample A7, recorded by
means of AFM.

ceed 10.0; 5.0 and 1.5%, respectively, and the measurement
accuracy did not exceed 1%. To measure the tensile strength,
rods with transverse dimensions of 4 x 5 mm and a length of
12.5 mm were made. All measured mechanical parameters
show a strong dependence on the catalyst content. As the ca-
talyst content and the concentration of crystallization centers
increase, the tensile strength increases, gradually reaches sa-
turation and approaches a limit of about 1000 MPa. In terms
of this parameter, the synthesized perlite glass ceramic is not
inferior to modern bio-ceramic such as Cerabone RA/W,
containing wollastonite crystals [18].

At room temperature, perlite glass ceramics, like normal
glass or ordinary ceramics, is a brittle material, i.e. it behaves
like a perfectly elastic material up to the failure load. At a
lower concentration of crystallization centers, as a rule, large
crystal grains are formed, which effects mechanical strength
reduction of the GC material. At high catalyst concentra-
tions, nanometer-sized crystalline grains are formed through-
out the sample volume, separated by glassy layers, and the
mechanical strength and hardness of the SC material, as a
rule, increase. This behavior of GC material, which is cha-
racteristic of nanocrystalline materials, is often described by
the Hall-Petch law and can be explained by the inhibition of
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Fig. 6. Size distribution of grains in sample A7: solid curve) ap-
proximation using log-normal distribution (parameters d = 113 nm,
c =0.59).
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Fig. 7. Microhardness of samples of series-A GC material versus
the catalyst content in the initial charge.

a gliding dislocation by dislocations nucleated along the
grain boundary, the density of which is proportional to the
surface area of the grain [19].

As follows from Fig. 7, the microhardness of the GC ma-
terial increases with increasing catalyst content. For the sam-
ple A7, the catalyst content being 7 wt.%, the microhardness
reaches 9 GPa. The microhardness of GC material can also
be controlled by changing the SiO, content in the glass com-
position. It is clear from Fig. 8 that in order to obtain maxi-
mum microhardness near 8.5 GPa the initial content of
perlite in the glass composition should be chosen so that the
amount of SiO, in the initial mixture is equal to about 40%.

Thanks to its high hardness and relatively low density,
perlite ceramic can be used for protection against high-velo-
city impacts, including firearm bullets. It is well known that
on interacting with a solid high-speed impactor, large com-
pressive stresses arise between the impact area and the adja-
cent ceramic areas these impacts are accompanied by shock
waves [20]. The modular characteristics of ceramic are re-
sponsible for the resistance to fracture deformation and
therefore must be as high as possible in order to curtail the
damaging effect. The main physicomechanical characteris-
tics that determine the ballistic efficiency of a material in-
clude grain size and ultrasonic speed in the material. As al-

HV, GPa
9.0 1

8.5 1
8.0 1 . ¢

75 *

7.0 *

6.5 1
6.0 & : : *

20 25 30 35 40 45 50 55
Si0, content, wt.%

Fig. 8. Microhardness versus the calculated SiO, content for se-
ries-B samples.
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Fig. 9. Velocities of transverse (M) and longitudinal (#) acoustic
waves in series-B perlite GC material versus the calculated SiO,
content.

ready mentioned, the grain size not only largely determines
the hardness of a material but it is also an important ballistic
characteristic of the GC material — the number of wave
paths necessary to destroy the material under impact. As a
rule, the smaller the grain size, the larger the number of wave
paths [21, 22]. As for the speed of sound in a material, it de-
termines how effectively the energy of the striking element
can be dissipated away from the site of impact and depends
on the Young’s modulus and density — the higher the
Young’s modulus and the lower the density of the material,
the higher the speed of sound in it [23, 24]. High sound
speeds also indirectly indicate good compaction or low po-
rosity of the material.

For this purpose, the dependences of the propagation
speed of longitudinal and transverse ultrasonic waves in
samples of perlite were determined as a function of the con-
tent of Si0, in the starting charge (Fig. 9). The density of the
material was also determined by the hydrostatic weighing
method (Fig. 10). It is clear from Figs. 9 and 10 that the SiO,
content greatly affects the speed of transverse and longitudi-
nal waves, as well as the density, which ultimately deter-
mines the ballistic resistance of the material.

The elastic constants of the material were calculated
based on the data in Figs. 9 and 10. It turns out that for a con-
stant concentration of crystallization centers and SiO, weight
content increasing 4 to 50% in the initial charge, the Poisson
ratio changes from 0.21 to 0.30, the density of the material
drops by almost 20%, and the elastic and shear moduli de-



434

Density, g/cm?
3.0 7

2.9
2.8 1
2.7 1
2.6

2.5 1

2.4 T T 1
0 20 40 60

SiO, content, wt.%

Fig. 10. Density of series-B samples versus the calculated SiO,
content in the starting charge.

crease from 100 to 65 GPa and 40 to 25 GPa, respectively. In
other words, it can be argued that the main factors control-
ling the mechanical strength of perlite glass ceramics are
grain size and content of SiO, and catalyst.

CONCLUSIONS

Nanostructured glass ceramic whose physical and me-
chanical properties hold promise for different applications
was synthesized based on the perlite rock that is widespread
in Armenia. The microstructure was investigated and the
microhardness and elastic moduli of the resulting glass-crys-
talline material were determined. X-ray measurements show
that the main crystalline phases are wollastonite CaSiO; and
gehlenite Al,Ca,SiO,. The compressive strength and micro-
hardness of the material are mainly determined by the aver-
age grain size, which is equal to 100 nm. High strength and
hardness also make it possible to use this material to create
opaque protective structures.
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