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Investigation of structure and properties
of composite material Al,0;—SiC obtained
by electroconsolidation process
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The results of research of influence of structure and phase composition parameters on
the microstructure, physico-mechanical and cutting properties of aluminum oxide-based
composites obtained by electrosparking (electroconsolidation) are described. It has been
established that formation of the composite structure due to introduction of SiC nanopow-
ders into the micropowder of aluminum oxide makes it possible to improve the physical
and mechanical properties and wear resistance of Al,O, ceramics.
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Onncannl pes3yJabTATEl UCCACTOBAHNN BANAHNA MapaMeTPOB CTPYKTYPLI M (Pa30BOr'0 COCTA-
BA HA MUKPOCTPYKTYPY, (PUBHKO-MeXaHNUeCKNe U PeKyIlue CBOMCTBA KOMIIO3MUTOB Ha OCHO-
B€ OKCHUAa AMIOMHHUA, TOJYUEHHBIX METOAOM DJIeKTPOCIeKaHua (2JeKTPOKOHCOJUIAIINA).
YeTanoBaeHo, 4To (POPMUPOBAHNE KOMIIO3UIMOHHON CTPYKTYPLI 34 CUET BBeJeHUSA B MUKPO-
MMOPOINOK OKCHAA ATIOMUHUA HAHOMIOPOIIKOB SiC MO3BOJSET MOBLICUTL (PU3HKO-MeXaHundec-
KHe CBOIicTBa M MBHOCOCTOIKOCTh Kepamuku Al,Oj.

®opMyBaHHA CTPYKTYPH i BiacTHBOCTel KommosumiiiHoro marepiany Al,0,-SiC y mpo-
meci exexTpokoHcoxiganii. P.B.Bosx, H.M.IIpoxonise, B A.Huwrana, M.B.Kucauya.

OmnncaHo pes3yabTaTH OCIHiIKeHb BIJIMBY TTapaMeTpPiB CTPYKTYpH i ()asoBOro CKJIALY Ha
MIiKpOCTPYKTYDPY, (dismko-mMexaHiuHi Ta pimkyui BJIACTMBOCTI KOMIO3UTIB Ha OCHOBI OKCHUAY
amoMiHi0, OTPUMAHMX METOJAOM €eJIeKTPOCITiKaHHA (eJeKTPOKoHcosifamisa). Beramosiaeno,
110 popMyBaHHS KOMIOSUIIHHOI CTPYKTYPU 3a PAXYHOK BBEAEeHHSA Yy MiKPOIOPOIITOK OKCHUIY
amoMiniio mamomopomkie SiC gosposase migpumuTy pismxo-MexaHiumi BaacTuBocTi i 3HO-
cocrifikicTs Kepamiku Al,Oj.
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1. Introduction

Today many composite materials of dif-
ferent types are being developed for cutting
tools: oxide (Al,O03-Zr0O,), mixed (Al,Oz—
Ti[N,C]), nitride (based on SizN,), reinforced.
The materials of each of these types have a
certain combination of physical and me-
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chanical characteristics (hardness, strength,
heat resistance, chemical inertness) and re-
tain these properties at operating tempera-
tures above 800°C [1]. However, each of
these materials works most effectively in a
certain narrow area. Traditionally used
oxide-carbide cutting materials (Al,O5-TiC),
for example [2], have proven themselves in
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the treatment of high-strength steels and
cast irons. But at cutting speeds above
200 m/min, due to low thermal conductiv-
ity, the temperature in the cutting zone
reaches 1100-1200°C, which leads to an in-
crease in adhesive, chemical and diffusion
wear.

Improving the heat sink in the work area
is one of the main tasks when creating the
new materials for the cutting tool. In
Al,O3-SiC system, silicon carbide acts as a
reinforcing element and has a thermal con-
ductivity coefficient much higher (32-
36 W/m-:K) than it is for matrix of Al,Oj
(20—-24 W/m-K), which ultimately allows to
increase the thermal conductivity of the
composite as a whole [3].

From the technological point of view, it
is most expedient to take as the main phase
micropowders Al,O3, but as a strengthening
component it is better to use SiC nanopow-
der. The use of a combination of micro-nano
has several advantages, in particular, it al-
lows better mixing of the powders, in com-
parison with nano-nano, which have surplus
surface energy and are easily agglomerated
[4]. In addition, the cost of nanopowders is
much higher than micropowders.

The paper [5] is known and devoted to the
study of the composition of Al,O3—5 wt. %
SiC after sintering at temperatures of 1380
and 1430°C. In this work, the additives of the
powders are intended to improve the tri-
bological properties of the material.

2. Experimental

As objects of research it was used ceram-
ics produced by electropulse plasma sinter-
ing of 0—Al,O3 micron powders with an av-
erage particle size of 1 pm micron powders
0—Al,O3 with addition of 5 vol. % B-SiC, as
well as nanopowders of alumina (average
particle size 100 nm) with addition of 5 vol.
% of P-F2SiC whiskers up to 50 um in
length and 1 ym in diameter. The addition
of spherical particles and filaments of sili-
con carbide to the initial alumina powder
resulted in reduction of the friction coeffi-
cient u of the sintered ceramics by ~ 30 %
(from 0.62 for Al,O5 to 0.46 and 0.47 for
Al,O3 + 5 vol% SiC ceramics with particles
and filamentary fibers, respectively).

Structure, physicomechanical and tri-
bological properties of composite ceramics
based on aluminum oxide obtained by the
method of electropulse plasma sintering
were examined. It was shown that the use
of EIPS makes it possible to obtain the
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Fig. 1. Fractogram of specimen fracture with
SiC fibers in Al,Oj; (nano)-SiC fiber composite
obtained by electrosintering at temperature T =
1400°C, pressure P = 30 MPa, synthesis time
T = 8 min. a) — x5000, b) — x20000.

high-density (~ 99.7 % of the theoretical
density) Al,03-5 vol. % SiC ceramic with
homogeneous fine-grained structure and en-
hanced strength properties. The authors of
the article found that formation of the com-
posite structure in ceramics based on alumi-
num oxide by adding a small amount of
filamentary SiC-fibers leaded to increase in
wear resistance both in comparison with
pure alumina and in comparison with the
dispersed-hardened ceramic containing sub-
micron SiC-particles. However, no justifica-
tion was given why the most optimal are
5 % by volume of SiC fibers. For example,
our experience in producing composites
with SiC fibers (Fig. 1) shows that it is
extremely difficult to obtain a uniform
distribution of the fibers. In addition, sili-
con carbide fibers have the high cost and
it is difficult to obtain the homogeneous
distribution when mixed.

In another article [6], the material was
obtained by adding the special ligature of
titanium oxide and non-stoichiometric sili-
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Fig. 2. Nanopowder SiC 100 nm produced by
SAINT-GOBAIN (France). Brand: NANO SiC
CAS No. 409-21-2.

con carbide, which, in the authors opinion,
activated the process of electropulse hot
pressing, thereby contributed to obtaining
the high physical and mechanical proper-
ties. However, this article does not specify
the degree of non-stoichiometry of silicon
carbide, and it is not entirely clear why the
activation of the sintering process takes
place.

In our researches various compositions
were pressed, both in proportion and in the
fraction of the components from the micro-
powders of aluminum oxide and nanopow-
ders of silicon carbide, in order to obtain
the best characteristics. The composition
with miero-Al,O3 (produced by Zaporozhye
Abrasive Plant) and 15 wt. % nano-SiC
(Saint-Gobain, France) was optimal.

3. Results and discussion

Results of the powder analysis of the
NANO type SiC show that the average SiC
crystallite size is about 100 nm. The pre-
dominant phase of SiC is cubic 3C. Analysis
of X-ray patterns and Raman spectra indi-
cates the presence of minor amounts of the
hexagonal phase of 6H-SiC and carbon.

Mixing of the initial powders was carried
out in a planetary mill in alcohol solution
[7]. Pressing was carried out on the original
plant [8], modernized to more accurately de-
termine the shrinkage during the hot press-
ing. The sintering temperature varied from
1370°C to 1800°C, which allowed achieving
the best mechanical properties.

It is known that obtaining the bulk
nanomaterials is a challenge to modern
nanoparticle consolidation technologies that
can be collectively called sintering. In these
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Fig. 3. X-ray phase analysis: clearly ex-
pressed phase 3C (cubic). There is a small
amount of 6H-SiC phase.

10000 7

8000 -

S5 796 (LO 3-C SiC
S 60001 ( ©)

1

4000 765 (6-H SiC) | 470 (T0 3-G SiC)

1348 (C

0 500 1000 1500 2000 2500 3000 3500
Raman shift, cm ™'

Fig. 4. Raman spectroscopy: clearly expressed
pennant and longitudinal modes of cubic SiC.

processes, compaction and grain growth are
competing, which makes the problem diffi-
cult. The key task of the nanomaterials sin-
tering is to achieve a high material density,
provided that nanosized grains are pre-
served in the range where the size effect is
observed [9]. As our experience shows, the
choice of the consolidation process depends
on the structure of grain boundaries, or in-
terphase boundaries. Residual porosity and
defective boundaries substantially impair
the nanostructured materials properties.
This problem can be solved through intensi-
fication of the sintering process and, ac-
cordingly, decrease in the time of the high-
temperature stage for high-intensity proc-
esses with the high rates of heating of the
rate of consoclidation can grow by several
orders of magnitude [10]. This leads to com-
plete compaction of the powders in a very
short time with the preservation of the
nanoscale internal structure. Electrosinter-
ing allows to obtain the consolidated ce-
ramic materials, such as Al,O;, ZrO,, TiC,
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Fig. 5. Dependence of hardness of Al,0,-SiC
composite from content of mass. % of SiC
nanopowders in hot pressing method of elec-
trosparking at T = 1400°C, P = 30 MPa, sin-
tering time t = 2 min.

WC without impurities and with minimal
grain growth over time of the order of
10 min, whereas the traditional sintering
requires several hours and special additives
that degrade the material properties [11].
At the same time, electric sintering is used
with the equally high result for both electri-
cally conductive and non-conductive pow-
ders (by using electrically conductive graph-
ite molds). The choice of nanocomposites as
an object of research is explained not only
by their large practical significance, but
also by the fact that during the sintering
the recrystallization of different phases of
the composite blocks each other. This facili-
tates the achievement of the consolidated
nanostructure.

Preliminary researches of the mechanical
properties of Al,03-SiC composites obtained
by electrosparking at different SiC contents
showed that the highest hardness was pos-
sessed by the composite with content of
15 % by weight (Fig. 5).The distribution of
matrix elements and filler can be seen in
the electronic pictogram in Fig. 6.

Considering the distribution of chemical
elements at individual points of the compos-
ite material, it can be seen that the gray
phase is the grains of aluminum oxide, and
the light phase is the silicon carbide grain,
which basically retain their nanoscale, with
some exceptions (Fig. 7, Tabl. ).

The composite material had hardness of
Hy =25 GPa, fracture toughness K- =
5.5-6 MPa-m!/2, flexure toughness oy =
50 MPa. Comparative tests of the cutting
properties of the composite material with
the widespread oxide-carbide instrumental
ceramic material BOK-71 were performed.
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EDS Analysis: cross-section

Conclusions:
a) Darker grain SiC
b) Matrix Al,O4

Fig. 6. Phase distribution of component com-
posites of composite material Al,O5-15 wt.%
SiC, obtained by electrosintering at T =
1400°C, P = 30 MPa, sintering time T = 2 min.

10 um

Fig. 7. Distribution of chemical elements in
Al,05;-15 wt.% SiC, obtained by electrosin-
tering at T = 1400°C, P = 30 MPa, sintering
time T = 2 min.

When rotating the calender shafts of
stainless steel (with hardness HRC =
56.58) under cutting conditions v =
150 m/min, s = 0.01 mm/rev, { = 0.3 mm
and wear criteria for the back surface
0.4 mm, the strength of the BOK-71 was
30 min, and for the obtained material it
was 48 min.

4. Conclusions

Thus, as a result of the researches of
composite materials of different composi-
tion, obtained under different electrosin-
tering modes, it was established that the
composition of Al,03-15 wt. %. SiC with
combination of grain sizes of micro-nano

Functional materials, 25, 1, 2018
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Table 1. Distribution of chemical elements at the individual points

Al203-15 mas.% SiC

of the composite material

Range C N o] Al Si Fe Nb W ??
1 6.51 3.00 51.68 31.87 2.02 1.11 0.00 3.82 100.00
2 6.09 5.52 39.54 43.14 4.31 0.62 0.03 0.75 100.00
3 5.85 12.12 41.88 30.94 7.53 1.21 0.00 0.96 100.00
4 6.96 2.74 46.14 42.67 0.95 0.22 0.00 0.32 100.00
5 3.25 17.09 44.95 27.72 6.92 0.07 0.00 0.00 100.00
6 2.10 3.76 47.89 42.98 2.10 0.17 0.36 0.64 100.00
7 4.08 5.86 48.42 34.78 4.50 0.73 0.14 1.48 100.00
Average 4.91 7.15 45.79 36.30 4.05 0.59 0.08 1.14 100.00
Stand. error 1.81 5.41 4.11 6.54 2.52 0.46 0.14 1.27
Max. 6.96 17.09 51.68 43.14 7.53 1.21 0.36 3.82
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