ISSN 1027-5495. Functional Materials, 26, No.1 (2019), p. 182-188.
doi:https://doi.org/10.15407/fm26.01.182 © 2019 — STC "Institute for Single Crystals”

Protective impact resistant composite
materials based on aluminium-silicate
glass-ceramics

0.V.Savvova, G.K.Voronov, O.V.Babich,
V.L.Topchiy, O.1.Fesenko, V.D.Tymofieiev

National Technical University "Kharkiv Polytechnic Institute”,
2 Kyrpychova Str., 61002 Kharkiv, Ukraine

Received July 2, 2018

Protective impact-resistant composite materials have been synthesized and the perspec-
tivity of their use as part of impact-resistant structures has been established. Were
developed composite materials based on aluminium-silicate glass-ceramic materials and
fillers — silicon carbide and zirconium oxide stabilized with yttrium oxide. Are estab-
lished the effect of the type and content of fillers on the formation of the structure of
glass-ceramic materials in correlation with their strength properties. Were obtained the
samples of impact-resistant composite materials with high performance properties based on
high-strength aluminium-silicate glass-ceramics in conditions of low-temperature two-stage
heat treatment, which can be used as a basis for the development of protective structure
elements.
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CuHTe3UPOBAHLI 3AIIUTHBIE yAAPOIPOUYHbIE KOMIIO3UIIMOHHBIE MATEPHUAJBI 1 YCTAHOBJICHA
ePCIEKTUBHOCTh UX IIPMMEHEHUS B COCTaBe 3aIl[UTHBIX KOHCTPYKIui. PaspaboTanbsl cocra-
BBl KOMIIOSUIITMOHHBIX MATEPHAJOB HA OCHOBE CTEKJOKEPAMUUYECKHX AJIOMOCUJIHKATHBIX Ma-
TEepPUAJIOB U HAIIOJHHUTEJel — Kapbuaa KpeMHUS M AUOKCUAA IIMPKOHUS, CTAOHUINSUPOBAHHO-
ro OKCHIOM HTTPHUSA. YCTAHOBJIEHO BJIMSAHNE BHUAA M COLEPKAHUS HAIOJIHUTEJNeH Ha (OpMU-
POBaHKE CTPYKTYPHI CTEKJIOKEPAMUUYECKIX MATEPHAJIOB BO B3AMMOCBA3U € UX HPOYHOCTHBIMU
cpoticteamu. Ilosyduersl 06pasmbl yAAPOIPOUYHBIX KOMIIOSHIIMOHHBIX MATEPHAJIOB Ha OCHOBE
BBLICOKOIIPOUYHON aJIIOMOCHUJIMKATHON CTEKJOKEPAMUKHN B YCJIOBUAX HUBKOTEMIIEPATyPHOU
IBYXCTYIEHUYATO TepMOOOPabOTKMY ¢ BBHICOKMME 3KCILIYATAIlMOHHLIMI CBOIICTBAMU, KOTOPHIE
MOTYT OBITH HCIIOJIB30BAHBI B KAUeCTBE OCHOBHI [ PaspabOTKM KOMIIOSHUIIMOHHBIX B3AIl[UT-
HBIX JJIEMEHTOB.

3axucHi yzapocTiiiki KoMmo3mmiiiHi MarTepiajinm Ha OCHOBiI aJIOMOCHIIKATHOI CKJIOKe-
pamikn. O.B.Cassosa, I''K.Boponos, O.B.Bab6iu, B.JI.Tonuuii, O.I.@ecenko, B.J].Tumogees.

CuHTe30BaHO 3axHUCHI ymapocTifiki Kommosuirilimi marepianu Ta BCTAHOBJIEHO IIEPCIEK-
TUBHICTH iX 34CTOCYBAaHHS y CKJAAl 3aXMCHHUX KOHCTPYKILili. PospobiieHO cKIagum KOMIIO-
SUIITHMX MaTepiasiB HAa OCHOBI CKJIOKepaMiuHMX aJOMOCHJIIKATHHX MAaTepiasis Ta Hamo-
BHIOBauiB — Kapbigy KpeMmHil0 Ta miokcuay IHMPKOHiI0 crabimrisoBaHoro oxcmmom irpiio.
BceraHoBieHo BILIMB BHAY Ta BMIiCTYy HAIlOBHIOBAUiB HA (POPMYBAHHS CTPYKTYPH CKJOKeE-
pamiuHux marepiajiB y B3aemMo03B’a3Ky 8 IX MimHocHumMu BiaactupocTaAMu. Opep:xaHi spasyu
VIAPOCTIHKMX KOMIIO3UI[IMHMX MAaTepiajiB HA OCHOBI BMCOKOMIIIHOI aJIIOMOCHJIIKATHOI CKJO-
KepaMiKu B yMOBaX HHBbKOTEMIEPATYPHOI ABOCTamiiiHol TepMiuHOl 00pOOKM MaOTh BUCOKI
eKCILIyaTaIliliHi BJIACTHBOCTI Ta MOMKYTh BHKOPHUCTOBYBATHCA AK OCHOBA IPU PO3POOIL KOM-
HMOBUIHNX 3aXUCHUX €JeMEeHTiB.
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1. Introduction

Today, the high priority task is to create
new polyfunctional materials, and one of
the main directions of which is to obtain
highly effective protective impact-resistant
functional materials. The accumulated long-
term experience in the production and utili-
zation of impact-resistant barrier construc-
tions with ceramic elements shows the ef-
fectiveness of their use, and provided that
the kinetic energy of impact does not exceed
2.0 + 2.5 kJ [1]. Companies which manufac-
tured of impact-resistant materials most
often use ceramic materials based on boron
carbide and silicon carbide, in particular,
modified by additives of eutectic composi-
tions [2], as well as aluminum oxide or ma-
terials based on them. However, the com-
plexity of the production technology and
the high price of ceramic raw materials
prompts developers and manufacturers to
conduct research in the direction of creat-
ing alternative high-strength materials with
high impact resistance. In this regard,
glass-ceramic materials are of particular in-
terest due to the unique ability to combine
high mechanical properties with low den-
sity, affordable cost and good adaptability,
as well as high-strength. So today, shock-re-
sistant materials with a content of high-
strength crystalline phases, such as lithium
disilicate, spodumene, cordierite, and anor-
thite, are widely known [3-5].

For a long time, the development of
high-strength ceramic-matrix composites
based on glass-ceramic matrices was a prior-
ity in the creation of aerospace technology
products, operated at temperatures up to
1800°C in oxidizing conditions [6]. Signifi-
cant results in this direction have been
achieved at the Institute of Aviation and
Space Technologies (Japan), by the compa-
nies Ube Industry, Nippon Carbon (Japan),
Dow Corning and Kaiser (USA). Composite
materials based on glass-ceramic matrices in
the Systems L|20—A|203—S|02, CaO—A|203—
Si0,, BaO-Al,05-Si0,, SrO-Al,03-SiO,,
which are reinforced with SiC fibers (Ni-
colon, Hi-Nicolon) are characterized by
strength up to 1000 MPa, Young’s modulus
up to 160 GPa and operating temperature
up to 1250°C [6]. The main crystal phases
of glass-ceramic matrices can be represented
by spodumene, triclinic anorthite, mono-
clinic celzian and strontium anortite. How-
ever, the low hardness and crack resistance
of given glass-ceramic materials signifi-
cantly limit their use as impact-resistant
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components of protective structures. The so-
lution to this problem is the creation of
protective impact-resistant composite mate-
rials based on aluminium-silicate glass-ce-
ramic with a reduced weight and low cost.

2. Purpose and methods of
research

The purpose of this work is to developing
of impact-resistant composite materials
based on aluminium-silicate glass-ceramic
with fillers under conditions of low-tem-
perature heat treatment.

For the mixture manufacturing in glass
synthesis used natural mineral raw materi-
als (silica, zircon, chalk, potassium feld-
spar), alumina, pure oxides (ZnO, TiO,,
CeO,, MgO) and other chemical substances
(boric acid, strontium carbonate, ammonium
phosphate). Glasses of the SL and SP series
were melted in corundum crucibles in a
laboratory electric furnace with carborun-
dum heaters at a temperature of 1250-—
1450°C for 6 h, followed by cooling on a
metal plate. Glasses of the CGC series were
synthesized at temperatures of 1550 + 1600°C
in corundum crucibles in an electric furnace
with molybdenum disilicide heaters with
gradual cooling in the furnace for 12 h.

Composite materials were obtained on the
basis of lithium-aluminum-silicate and mag-
nesium-aluminume-silicate glass-ceramics
and fillers of zirconium dioxide stabilized
with yttrium (mark DCIZ, TU3442000) or
silicon carbide (mark 54C, TU U 24.1-
00222226-059:2006) in the amount of 5 +
10 wt. parts per 100 wt. parts of glass.
Grinding of the mixture was carried out in
a laboratory planetary mill until rest on a
sieve No.125 up less 0,5 %. The fractional
composition of glass powders was repre-
sented by particles of size 63 +
125 ym = 70 vol. %, 25+ 63 pm = 15 vol.
%, <25 pm = 15 vol. %. The size of frac-
tions and their ratios were selected based on
calculated data to ensure high packing den-
sity of materials.

The presence of the crystalline phase was
established using XRD analysis, which was
carried out on "DRON-3" apparatus. The
study of phase transformations in glasses
was carried out with differential thermo-
gravimetric curves, which were obtained
using a derivatograph Paulik-Paulik-Erday
Q-1500D. A petrographic study was con-
ducted using an NU-2E optical polarization
microscope. Vickers hardness (HV) and frac-
ture toughness index (fracture toughness)
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(K1C) were determined using the TMB-1000
device by indenting the Vickers pyramid
with a load on the pyramid of 5000 g by 10
measurements. Impact toughness (KCU) was
determined according to GOST (GOST)
11067-2013 (EN1288-1:2000).

3. Results and discussion

3.1. The choice of technological methods
to providee the impact resistance of glass-ce-
ramics

Important indicators of the impact resis-
tance of research materials are their hard-
ness, strength and crack resistance index,
which can be significantly increased as a
result of using a number of technological
methods, namely:

— when implementing the technology of
glass-ceramic materials — by directional
orientation of high-strength crystals, which
is achieved in the process of directional
crystallization of glasses with special com-
position by creating a temperature gradient;

— when using the technology of compos-
ite materials — reinforcement of glass-ce-
ramics with o—SiC fibers for dissipating en-
ergy near the crack tip, and reinforcement
by particles of tetragonal ZrO, due to trans-
formational strengthening [7, 8].

However, the use of SiC in the prepara-
tion of composite glass-ceramic materials
under conditions of exposure to high tem-
peratures in an oxidizing atmosphere is lim-
ited by the ability of SiC in passive and
active oxidation [9]. The advantages of a
glass-ceramic matrix based on aluminium-
silicate glasses is that the formation of com-
posite material preform occurs at relatively
low temperatures and reduces the possibility of
strength decrease due to oxidation of SiC. A
study of the microstructure of the fiber/ma-
trix interface revealed the presence of a thin
carbon layer typical for glass-ceramic compos-
ites reinforced with SiC fibers [10].

High impact resistance of composite ma-
terials based on aluminium-silicate glass-ce-
ramics is achieved through structural trans-
formation by providing a phase separation
process followed by oriented submicron
crystallization of the amorphous matrix and
its reinforcement with ZrO, and SiC phases
with the formation of an enhanced crystal-
line structure during low temperature heat
treatment. It is during low-temperature
crystallization that glass automatically
"chooses™ at first those metastable crystal-
line phases that are most easily wetted by
glass, and, as a result, are most stable bond
with glass. At long-term high-temperature
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influence, recrystallization occurs in stable
phases, the presence of which will ensure
the necessary functional properties of glass-
ceramic materials [11, 12].

An important factor under creating com-
posite materials consisting of liquid and
solid phases is to ensure the most high den-
sity packing of solid particles in a given
volume. The highest packing are achieved
for variable grain compositions, which con-
tain different size fractions.

The implementation of these technologi-
cal methods, which were used in this work,
will significantly improve the impact resis-
tance of composite materials based on alu-
minium-silicate glass ceramics.

3.2. Development of composite materials
based on aluminium-silicate glass-ceramics
and study of the influence of their structure
on operational properties

As a basis for the development of com-
posite materials, research glasses were selected,
which were previously synthesized by the
authors in the systems Li,O-Al,O5=SiO, (L-A-S)
(series SL and SP) [13], MgO-AIl,03-SiO,
(M-A-S) (series CGC) [14] in the crystalliza-tion
field of high-strength phases: a series of SL —
lithium disilicate; SP series — [-spodumene;
series CGC — mullite.

According to the results of previous in-
vestigations were optimized compositions of
basic glasses and chosed the impact-resis-
tant glass-ceramic materials SL-9, SP-10,
CGC-10 with a certain content of phase-
forming components, crystallization cata-
lysts and modifying additives (Table 1),
which are characterized by high values of
performance characteristics.

Glass-ceramic material SL-9 was synthe-
sized on the basis of glass in the system
Li,O-AlI,05-Si0, with addition of crystal-
lization catalysts P,05, ZnO, ZrO, and
modifying components K;O and MgO accord-
ing to the following heat treatment mode:
melting temperature — 1250°C; annealing
mode — 450°C for 0.5 h; the first stage (I
st.) is 600°C for 2 h, the second stage (II st.)
is 900°C for 0.5 h; forming by slip casting.

Glass-ceramic material SP-10 was synthe-
sized on the basis of glass in the system
Li,O-Al,05-Si0, with addition of crystal-
lization catalysts P,0g, ZnO, ZrO,, TiO,,
Ce0,, SnO, and modifying components MgO
and K,O, CaO, B,O; according to the fol-
lowing heat treatment: melting temperature
1450°C; heat treatment: the first stage (I
st.) — 530°C, respectively, during 2 h, the
second stage (II st.). — 850°C for 2 h;
forming by slip casting.
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Table 1. Chemical composition of research glasses and temperature of their synthesis

Marks Phase-forming Crystallization catalysts, | Modificative additives, Synthesis
components, wt. % wt. % wt. % temperature, °C
Li,O | MgO | AlL,O4 | SIO,
SL-9 |15.0| - 3.0 | 65.0 |z (P,04, ZnO, Zr0,) = 15 K,0 =2 1850
SP-10 | 7.0 | 1.0 | 18.0 | 60.0 |3 (P,04,Zn0, Zr0O,, TiO,, |Z (K,0, Ca0, B,0,) = 4.5 1450
CeO,, Sn0,) = 9.5
CGC-10| - 9.0 | 29.0 | 51.0 2 (TiO,, ZrO,, CeO,, 2 (SrO, B,05) =5 1550
P,0:) =6

Glass-ceramic material KSK-10 was syn-
thesized on the basis of glass in the system
MgO-Al,05-SiO, in the presence of crystal-
lization catalysts TiO,, ZrO,, CeO,, P,0s
and modifying components SrO, B,O5 ac-
cording to the following mode: melting tem-
perature 1600°C; heat treatment: I st. —
850°C and II st. — 1150°C, during 5 h at
each stage; slip casting.

The study of the glasses structure after
heat treatment made it possible to establish
that for aluminiume-silicate glasses SL-9 and
SP-10 is typical the process of volume crys-
tallization of glass with formation of lith-
ium disilicate crystals and p-spodumene
crystals, respectively, in the amount of
80 vol. %.

For CGC-10 sample, as the primary crys-
talline phase are observed solid solutions
with a quartz structure under the low-tem-
perature crystallization mode, in the tem-
perature range 850-900°C. The formation
of solid solutions on the o-cordierite basis
occurs due to the chemical interaction be-
tween spinel and o-cristobalite at tempera-
tures over 1000°C. For CGC-10 material the
formation of a solid oriented structure were
observed under conditions of two-stage heat
treatment. Formation such structure type
for developed glass-ceramic materials allows

for their high mechanical and thermal prop-
erties and low density (Table 2).

On the basis of aluminium-silicate glass-
ceramics and fillers — silicon carbide (SC)
and zirconium dioxide stabilized by yttrium
oxide (ZD), were obtained composite materi-
als marked SL-9-SC, SP-10-SC, CGC-10-SC,
SL-9-ZD, SP-10-ZD and CGC-10-ZD.

For composite materials, the addition of
0—SiC and ZrO, refractory fillers insignifi-
cantly shifts the peaks in the thermograms
to higher temperatures as the result of the
appearance of the first crystalline phases.
When the temperature rises to the tempera-
ture of appearance of the main crystal
phases of this process is not observed. The
addition of zirconium dioxide as a crystal-
lization catalyst is an additional factor in
increasing the quantity and size of crystals.
The high and narrow peaks of exo-effects on
thermograms for materials SL-9-ZD-5 (Fig.
la), SP-10-ZD-5 (Fig. 1b) and CGC-10-ZD-5
(Fig. 1c¢) indicate the formation submicron
crystal structure with the subsequent flow
of volume crystallization under increasing
temperature with greater intensity than the
output glass (Fig. 1). With the addition of
10 wt. % ZrO, in the composition of glass-
ceramic materials, the peaks of the exo-ef-
fect become more gentle, which may in-
crease the size of the crystals and may lead

Table 2. Physical-chemical properties of research glass-ceramic materials and fillers

Research materials Properties
o -107, o1 HV, GPa K,,, MPam!/? p, g/cm3
Glass-ceramic materials
SL-9 90.00 8.82 3.15 2.40
SP-10 21.50 8.90 3.40 2.45
CGC-10 54.00 10.40 3.50 2.80
Fillers
SiC 40.00 22.3+22.4 3.0 +5.23 3.12 + 3.28
Zr0, (Y,05-stab.) 50.00 + 60.00 12.00 9.00 + 10.00 6.00
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to weakening of crystal structure. For com-
posite materials with the content of a—SiC
5 wt. % SL-9 -SC-5 (Fig. 1la), SP-10-SC-5
(Fig. 1b) and CGC-10-SC-5 (Fig. lec) and
10 wt. % SL-9-SC-10 (Fig. 1a), SP-10-SC-10
(Fig. 1b) and CGC-10-SC-10 (Fig. 1c) there
is a similar trend of increasing the volume
of the main crystalline phase to 85 vol.%
when compared with the original glass-ce-
ramic materials. However, the structure of
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Fig. 1. Thermograms of research composite
materials from different series: a) SL; b) SP;
¢) CGC.

composite materials with a content of
10 wt. % of o—SiC is micronized, as evi-
denced by the rapid growth of the thermo-
gram curve in the crystallization region.
The study of the composite materials
structure made it possible to establish the
presence of dense packing of small columnar
prismatic crystals of lithium disilicate for
materials SL-9-SC-10 (Fig. 2a), B-spodumene
SP-10-SC-10 (Fig. 2b) and short-prismatic
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Fig. 2. Structure of developed composite materials: a — SL-9-SC-10; b — SP-10-SC-10; ¢ —

CGC-10-SC-10.
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Fig. 3. Mechanical properties of developed composite materials: a — K, MPa-ml/2; b — HV, GPa.

mullite crystals for material CGC-10-SC-10
(Fig. 2¢), which are arbitrarily oriented and
strengthen the material structure. The presence
of 0—SiC grains with a size of = 90 pum with
blunt ends, which are melted by glass rims in
the composite structure, contribute to blocking
the crack due to its deflection or branching.
The mechanical properties of the devel-
oped composite materials with a fillers con-
tent of 5 or 10 wt. % generally grow, how-
ever, with different intensities (Fig. 8). The
largest increase in fracture toughness (K ;)
is observed for the composite material SL-9-
ZD-5 with a content of ZrO, 5 wt. % . Addi-
tion the specified filler of 10 wt. % in the
composition of SL-9-ZD-10, SP-10-ZD-10
and CGC-10-ZD-10 sharply reduces K, and
Vickers hardness (HYV), especially for the
latter material, as a result of the growth of
mullite crystals growing with zirconium di-
oxide under conditions of prolonged heat
treatment at 1150°C. For compositions with
a silicon carbide content, K;- is increases
slightly, while HV increases with considerable
intensity with growing content of o—SiC filler
from 5 to 10 wt. % Therefore, the introduc-
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tion to the composition of composite materi-
als of ZrO, 5 wt. % is an important factor
for increasing their crack resistance. With
the addition of 5 and 10 wt. % o—SiC, is
observed an increase the hardness of the de-

veloped composite materials (Table 2).

Among the developed materials, the high
impact toughness is characterized the com-
position CGC-10-SC-10 (6.0 kJ/m2), for ma-
terials SL-9-SC-10 and SP-10-SC-10, this
factor somewhat decreases up to
=5.7 kJ/m2. With the addition of zirconium
dioxide, due to a slight increase in hard-
ness, the impact strength for materials CGC-
10-ZD-5, SL-9-ZD-5 and SP-10-ZD-5 is slightly
lower — 5.8, 5.6, 5.6 kJ/m2, respectively.

Thus, on the basis of the conducted re-
search, have been developed the following
technological principles, which are imple-
mented in the development of impact-resis-
tant composite materials:

— ensuring closely-packed structure of
the material are possible in the presence of
size of 63 + 125 um

fractions with a
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=70 vol. %, C 25+63 um — 15 vol. %,
<25 ym — 15 vol. % ;

— formation of sub-micron oriented in-
terpenetrating glass-ceramic structure of
the material in the conditions of low-tem-
perature heat treatment are possible with
the presence of high-strength crystal phases
of lithium disilicate, B-spodumene or mul-
lite in the amount of =85 vol. %}

— blocking of cracks and increase of hard-
ness due to material restructuring during the
composite formation are possible with the ad-
dition of 5 wt. % ZrO, or 10 wt. % a—SiC.

Studies have shown the promising use of
the developed materials based on alu-
minium-silicate glass-ceramics as protec-
tive, impact-resistant composite materials.

4. Conclusions

The importance of creating a new type of
protective impact-resistant composite mate-
rials and their prospects for use in protec-
tive structures is established. Were substan-
tiated the choice of technological methods
to ensure high impact-resistance of glass-ce-
ramics materials.

Compositions of new type composite
glass-ceramic materials based on alu-
minium-silicate glass-matrix and fillers —
yttrium-stabilized zirconium dioxide and
silicon carbide have been developed. The in-
fluence of the type and content of fillers on
the formation of the structure of glass-ce-
ramic materials in conjunction with their
strength properties has been established and
the technological principles for impact-re-
sistant composite materials creation have
been developed.
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It is shown that the developed impact-re-
sistant composite materials based on high-
strength glass-ceramics with a content of
5 wt. % ZrO, or 10 wt. % a—SiC under
low-temperature two-stage heat treatment
have high performance properties (KCU =
5.6 + 6.0 kJ/m2; HV = 9.4 + 11.5 GPa; K,
= 3.43 =+ 12.0 MPa-m!/2) and can be used as
the basis for the development of impact-re-
sistant construction elements.
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