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The densification of pure Al,O; and Al,0SiC
composites (with 5%,10%, 20% and 30 % SiC) manufac-
tured by the SPS process was remarkably enhanced due
to additional diffusion mechanisms induced by the spark
plasma even at low temperature (830 °C - 1050°C). The
densification enhancement was attributed to the
acceleration of the diffusion process due to additional
mass-transport mechanisms induced by the spark plasma.
The onset for densification of Al,Os— SiC composites was
delayed with increasing amounts of SiC compared with the
pure Al,O; compact, respectively. The delay of the
densification is thought to be due to the decrease in the
grain boundary and lattice diffusivity, resulting from the
second phase SiC dispersion. Therefore, in the composite
case, higher temperatures for fully densification should be
required to supplement the decrease in the diffusivity,
compared with pure Al,O; The thermal conductivity of SiC
material is higher than that of Al,O; particularly at elevated
temperatures and consequently, the addition of SiC might
be expected to promote heat transfer from the graphite die
to the compacts. Finally, the enhancement of densification
for the SPS process can also be attributed by
considering the additional diffusion due to Joule
heating, impact force and the electric field effect in which
the diffusion of ions for sintering is accelerated by an
applied electric field. It is reported that the generation of
spark plasma at the insulating particle-to-particle contact
points enhance densification. The monoclinic moganite-
SiO, was identified in the composite with 10% SiC particles
as well as rombohedral a-Al,0; and distortioned hexagonal
and rhombohedral SiC polytypes. Also, a hexagonal
AIC,.50,5 compound was revealed in the composites with 5-
20% SiC and cubic Si was identified only in the composition
with 30% SiC

Densificarea ceramicii aluminoase pure si
a compozitelor de tip Al,03-SiC (cu 5%, 10%, 20% si 30%
SiC) fabricate prin procesul SPS a fost imbunatatita
remarcabil datorita mecanismelor de difuzie suplimentare
induse de sistemul de sinterizare cu curent electric pulsat
(SPS), chiar Ila temperaturi joase (830 °C - 1050°C).
Imbunititirea densificdrii a fost atribuitd accelerarii
procesului de difuzie datorita mecanismelor suplimentare
de transport in masa induse de descarcarile in plasma prin
scéanteie. Debutul densificarii compozitelor de tip Al;,O;- SiC
a fost intarziat de adaosurile crescande de SiC, comparativ
cu ceramica de Al,O;. Se considera ca intarzierea
densificarii se datoreaza scaderii difuzivitatii la limita inter-
granulara si la nivel de retea cristalina, ca rezultat al
dispersiei SiC ca faza secundara. Prin urmare, in cazul
compozitului, ar trebui sa fie necesare temperaturi mai
ridicate pentru o densificare completa pentru a suplimenta
scaderea difuzivitati,b, comparativ. cu Al,O; pura.
Conductivitatea termica a carborundului (SiC) este mai
mare decét cea a aluminei (Al;0;), in special la temperaturi
ridicate si prin urmare este de asteptat ca adaugarea de SiC
sa promoveze transferul de caldura si de la matrita de grafit
la probele compozite de consolidat. Imbundtitirea
densificarii prin procesul SPS poate fi atribuita si ludnd in
considerare difuzia suplimentara datorata incalzirii prin
efect Joule, a fortei de impact si a efectului campului
electric pulsat in care, difuzia ionilor pentru sinterizare
este accelerata de campul electric aplicat. Se raporteaza ca
generarea plasmei in scanteie in punctele de contact
particule-particule izolante sporeste densificarea.
Moganitul-SiO, monoclinic a fost identificat in compozitul
cu un continut de SiC 10%, precum si polipotipuri ale SiC
hexagonal si romboedric cu structuri distorsionate alaturi
de a-Al;0;. De asemenea, un compus de tip AlC,50,5 cu
structura hexagonala a fost evidentiat in compozitele cu 5 -
20% SiC, iar Si cubic a fost identificat doar in compozitia cu
30% SiC.
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1. Introduction

Thermal and chemical stability, relatively high
resistance, low thermal and electrical conductivity,
together with the availability and abundance of
aluminum oxide, lead to the use in numerous
engineering applications [1-5]. Despite the
mentioned advantages, the reduced fracture and
impact resistance of this material results in limiting
its application. Composites are one of the methods
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that reach this limitation. In this technique, alumina
matrix is reinforced by particles or fibers as a
secondary phase, which may be metal, polymer or
ceramic. Silicon carbide (SiC) as a ceramic
material may be one of the options leading to the
improvement of the alumina matrix [6-8]. Significant
attention has been attracted to Al20s-SiC
composites by a pioneering work of Niihara, whose
concept of nanocomposites (addition of nano-sized
particles of SiC to microcrystalline alumina matrix)
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allowed preparation of the Al2O3-SiC materials with
the flexural strength exceeding 1 GPa and
increased fracture toughness [8]. Despite
tremendous effort, the reason for such an
improvement remains unclear. Niihara suggests
that the strengthening arises due to the refinement
of the microstructural scale from the order of the
alumina matrix grain size to the order of the SiC
interparticle spacing, thus reducing the critical flaw
size. Strengthening can also be explained by the
toughening effect caused by crack deflection due
to the tensile stresses developed in alumina grains
around the SiC particles as a result of thermo-
elastic mismatch [8]. However, the observed
toughness increase is not sufficient to account for
observed strengthening. Many authors also failed
to reproduce the results reported by Niihara. As a
result, there exists no general agreement on the
existence of the so-called “nanocomposite” effect,
and alternative explanations of the observed
strengthening, often related to processing or
machining effects, are provided [7]. There are
different methods of sintering this composite.
Pressureless sintering and hot-pressing is the most
common sintering method for this composite, but
the new technique that is considerable today is
spark plasma sintering (SPS) [5-13]. Based on the
spark, which is created by a direct pulsing current,
SPS leads to a rapid increase of the temperature in
the powder. High heating speed, using pressure
and electric current, is specific to this technique
which distinguishes this technique compared to
other methods. In addition to reducing the weight of
the particles, the high rate of heating magnification
by eliminating the surface diffusion mechanism and
creating a force extracted by high temperature
gradient. Applying pressure during heating can
increases the driving force of the process and can
facilitate the sintering process. Electric current can
condense the dust by creating sparks between
particles and creating the plasma environment. The
SPS process involves sintering powders under the
simultaneous influence of a current and pressure.
The powders are placed in a mold (typically
graphite) and heated is carried out by passing a
current (pulsating DC current) through the mold
and sample (if it is conducting) while applying
pressure to the powder. The characteristics,
therefore, include (a) a high heating rate; applying
a pressure and (c) the effect of the current. While
similar in some respects to hot pressing, the SPS
process is typically characterized by a higher
heating rate and current application. The effect of
plasma on particle surface cleaning and improving
the sintering process has been reported and
particularly, the synthesis of Al2O3-SiC composite
by SPS has been investigated by several
researchers [6,9,11], but the effect of the particles
on the densification and microstructure evolution
and low temperature

by the spark plasma system at low temperature

has not been reported so far.
2. Experimentals

2.1 Powder characteristics

The oxide component of ceramic — ceramic
composites consisted of calcined alumina (ACS)
with a high and fine purity, manufactured starting
from aluminum hydroxide (type ALOLT-01
produced by MAL ING Aluminum Brauch-
Hungary). The hydrate was  moistened
(mineralized) with concentrated hydrochloric acid
to remove sodium ions, formed as briquettes and
finally burned at 1550°C in the tunnel furnace. The
slightly brittle calcined material with a content of
impurities: 0.07% SiO2, 0.13% Fe20s and 0.01 to
0.09% Na20, had the chemical composition
according to ICEM internal norm SF 17/1999
which allows: 0.15% Si02, max. 0.20% Fe20s and
max. 0.15% Naz0.

The physical-chemical characteristics of
the alumina powder are the following:

Al203,%, 99,50

Si02,%, max. 0.15

Fe203,%, max. 0.20

Alkali,%, max. 0.15

Ignition loss,%, max. 0.20

Humidity,%, max. 0.50

Mineralogical composition, a-Al203,%, min. 98,00
Density, g/cm? min. 3.70.

The oxide component of composite was
alumina (ACS type) obtained by grinding in a
continuous working ball mill.

A fine material with an average particle size
of 2.0 ym was obtained (evidenced by laser
particle size measurements).

The non-oxide component of ceramic —
ceramic composites was the carborundum (silicon
carbide (SiC)) type M 600 Norton, corresponding
to the B-SiC structure, 98.5% SiC, with a density
of 3.00 g/cm3 and an average particle size about
1.2 ym.

The alumina-SiC composites (abbreviated
ACS95, ACS90, ACS80, ACS70) were obtained
from alumina-carborundum mixtures according to
the weight quantities presented in Table 1.

The four kinds of mixtures were milled in
ethanol by a conventional wet ball milling method
for 8 h. The slurries were dried at 105°C in a
laboratory drier. Then the dried mixtures were ball-
milled for 6 h to eliminate the agglomerates.

Powders sintering. In order to sinterise the
alumina —carborundum powder an external pulsed
electrical field at 1050 °C - temperature with very
high heating rates was applied. For SPS
experiments, the mixture of powder was loaded
into a graphite die with 10 mm diameter punches.
After loading the powder into the die, samples
were processed using a HP D 1.25 sintering
machine. The samples were cured at heating rates



E.Volceanov, A.Volceanov / Consolidation and microstructure of alumina-SiC composites 509
by the spark plasma system at low temperature

Table 1
Dosage of ceramic powders components/ Dozajul pulberilor ceramice componente
Sample symbol ACS 70 ACS80 ACS90 ACS95
Al,O5(%by weight) 70 80 90 95
SiC(%by weight) 30 20 10 5

of about 200 K/min at 1050°C in a vacuum
atmosphere (5 x 102 mbar ) under a uniaxial o
pressure of 40 MPa was applied during sintering os /ﬂ"""-"-'-'-‘
for all samples. After sintering for 4 min, the '

pressure was released and the specimens were /
cooled. The temperature was measured by a
pyrometer (type K) on the outside wall of the die.

o o
w IS

2.2. Characterisation methods

The relative density of the composite
samples was measured by the Archimedes
method in toluene medium. The density was
calculated from measured mass and specimen size
using a 0.1 mg error Mettler Toledo balance 0 1 2 3 4 5 6 7 8 9 10 1 12
(AB204-S type) and a 0.001 error mm digital
Mitutoyo micrometer. Mineralogical phase analyses

Heating power, kW

o
[N

0.1

Time, min

were performed by X-ray diffraction method with Fig-1 - Fl'eating power bbePs versus 7””“9 time  of
_ . . alumina- silicon carbide composites/ Puterea de
parallel beam scanning axis 26 / 6, on bulk incélzire aplicata prin sistemul SPS versus timpul de

samples. A Shimadzu XRD 6000 diffractometer tratament pentru compozitele alumino-carborundice.
with the radiation generator tube power of 1200 W,
with Cu-Kq characteristic radiation (A = 1,541874 A)
was employed. Scanning range (26) of goniometry 1000 /
was located between 5° and 70°, with 5°/minute 900

angular speed and 0.02° step. The surfaces of the 800 /
sintered samples were examined using a scanning oo //

1100

electron microscope for high resolution imaging
Quanta Inspect F+, equipped with an energy

Temperature, C deg.

dispersive analysis system (EDXS). 500 /
400 \—
3. Results and discussion o0
0 2 4 6 8 10 12 14

3.1. Densification process Time, min

In the SPS apparatus the def_aUIt 12:2 Fig.2 - Heating curve by SPS applied for the alumina-silicon
(on:off) current pulsed pattern was applied. The carbide composites/ Curba de incélzire aplicata la
waveform is not square and, in fact, is composed tehnica SPS pentru compozitele alumino-carborundice.
of several pulses separated by a current-free
interval. Regardless of the pattern, each pulse has 9%
the same period of about 3.10° s. Thus, the
pattern of 12:2 hs a sequence of 12 pulses ,on” K

and 2 pulses with current ,off’. The total time of
one sequence (cycle) is about 0.04 s. The
operating parameters voltage and the peak current
were below 5 V and 2000 A, respectively. The
typical heating power versus curing time of
alumina-silicon carbide ceramic samples are given

95

) \
91 \
89

Relative density, (%)

in Fig.1 and the experimental heating curve up to o7

1050 °C with very high heating rates is plotted in

F|92 . . 85 0 5 10 15 20 25 30
Densification data of the ACS70, ACS 80, SIC content, (%)

ACS 090 ar.]d ACS95 sgmples :Smter.ed by SPS at Fig.3 - Densification behaviour of alumina-SiC composites

1050°C with a 4 min soaking time under a versus SiC content during the SPS treatment /

pressure of 40 MPa under a vacuum atmosphere Comportamentul la densificare a compozitelor

and a heating rate of 255 °C/min in the 400 - alumino-SiC functie de continutul de SiC in timpul

1050 °C temperature range, as shown in Fig. 3. tratamentului SPS.
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It was reported that the enthalpy energy for
lattice diffusion and surface diffusion of AlOs is
578 kJ/mol [10] and 234-280 kJ/mol [14],
respectively. Therefore, a rapid heating rate
promotes lattice diffusion and/or grain boundary
diffusion  which are  major  densification
mechanisms in the high-temperature regime
rather than surface diffusion as a coarsening
mechanism. Therefore, the higher heating rate
which was applied to the SPS process plays an
important role in enhancing the densification.
Another factor affecting densification is the heat
transfer from the graphite die to the sintered
compacts. It can be seen that the pure
Al,O3 composition starts to densify at about
830 °C. However, the temperatures for the onset of
densification were raised by the addition of SiC.
The AS95 composite (5% SiC), AS70 SiC
composite (30% SiC start to densify at about 980
and 1000 °C, respectively. So, the onset for
densification of Al203—SiC composites was delayed
with increasing amounts of SiC. These results
indicate that the densification process is delayed
due to the addition of fine SiC particles in the
Al203 matrix. This delay has been attributed to the
fact the presence of SiC particles induces tensile
stresses which are developed by the large thermal
expansion mismatch of the components (Al203
8x10%K and SiC; 4.2x 10%K) [15]. It is also
thought that grain boundary and lattice diffusivity
should decrease by adding SiC [16,17]. When SiC
particles are located at grain boundaries in the
intermediate and final stages of sintering, the grain
boundary diffusion path becomes longer in
proportion to the diameter of the SiC particulate,
and the diffusion of atoms/vacancies along the
interface between the Al2O3 grain and SiC particle
should decrease. The observed delay of the
densification, therefore, is thought to be due to the
decrease in the grain boundary and lattice
diffusivity, resulting from the SiC dispersion.

by the spark plasma system at low temperature

Therefore, in the composite case, higher
temperatures for fully densification should be
required to supplement the decrease in the
diffusivity, compared with pure Al20s3. Generally,
the thermal conductivity of SiC material is higher
than that of AlOs particularly at elevated
temperatures. So the addition of SiC might be
expected to promote heat transfer from the
graphite die to the compacts. Finally, the
enhancement of densification for the SPS process
can also be attributed by considering the
additional diffusion due to impact force, Joule
heating and the electric field effect in which the
diffusion of ions for sintering is accelerated by an
applied electric field. It is reported that the
generation of spark plasma at the insulating
particle-to-particle = contact  points  enhance
densification [9]. It is not clear, however, which are
the most significant parameters responsible for the
enhancement of densification during the SPS
process.

3.2.Mineralogical phases evolution

On the sample ACS70 diffractogram as
given in Fig. 4 are detectable the interferences of
3.47 (66) A, 2.55 (100) A, 2.37 (47) A, 2.08 (97) A,
1.73 (47) A, 1.40 (35) A, 1.37 (53) A characteristic
of rhombohedral corundum a -Al203, respectively
interference of 3.37 (100) A, 2.13 (2) A, 2.03 (3) A,
1.68 (8) A, 1.54 (2) A, 1.23 (2) A corresponding to
graphite (carbon). Also, the presence of silicon
carbide in three varieties: cubic B-SiC related to
interferences 2.51 (100) A, 2.18 (18) A, 2.18 (18)
A 154 (37)A ,1.31 (24) A, 1.26 (4) A, 1.09 (4) A,
1.00 (8) A, 0.97 (4) A, 0.89 (9) A, 0, 83 (7) A,
respectively SiC moissanit -19H hexagonal with
interferences of 2.51 (100) A, 2.38 (71) A, 2.32
(54) A, 2.10 (17) A, 1, 59 (20) A, 1.53 (72) A, 1.31
(48) A, 218 (18) A, 2.18 (18) A, and SiC
moissanite -2H hexagonal with interference of 2.35
(100) A, 2.66 (74) A, 2.52 (51) A, 1.83 (23) A, 1.53
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Legend/Legenda: A- Al,O3, C- Carbon, S- SiC, Si- Silicium
Fig.4 - X-ray diffraction pattern of ACS 70 sample obtained by SPS / Difractograma probei ACS 70 sinterizate prin SPS.
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Legend/Legenda: A- Al,O3, C- Carbon, S- SiC, o- AlCy50q5
Fig.5 X-ray difraction pattern of ACS 80 sample obtained by SPS /Difractograma probei ACS80 sinterizate prin SPS.
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Legend/Legenda : A-Al,O3, C-Carbon, S-SiC, *-AlL,OC, # - SiO,
Fig.6 X-ray diffraction pattern of ACS 90 sample obtained by SPS / Difractograma probei ACS 90 sinterizate prin SPS.

position [*2Thetal (Copper (Cu)l

Legend/Legenda: A-Al,O3, C-Carbon, S-SiC, x-Al;0,C
Fig.7 - X-ray diffraction pattern of ACS 95 sample obtained by SPS /Difractograma probei ACS 95 sinterizate prin SPS.

(24) A, 1.42 (35) A, 1.31 (24 ) A, 1.28 (11) A, 1.04 seen in Fig 5 are detectable the interference of
(9) A were identified. Interferences of 3.13 (100) A, 3.47 (66) A, 2.55 (100) A, 2.37 (47) A, 2.08 (97) A,
1.92 (58) A, 1.63 (32) A, 1.24 (10) A, 1.10 (12) A 1.73 (47) A, 1.40 (35) A, 1.37 (53) A characteristic
can be attributed to Si in cubic form resulted under of corundum a -Al203, rhombohedral, respectively
reductive condition. interference of 3.37 (100) A, 2.13 (2) A, 2.03 (3) A,

On the ACS80 sample diffractogram as 1.68 (8) A, 1.54 (2) A, 1.23 (2) A corresponding to
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the graphite. The presence of a carbide compound
of aluminum oxide AlCos5005 (according to the
ASTM 04-013-3673 file) with hexagonal structure
was identified. Also detectable are two polytypes of
SiC in hexagonal form that belong to the same
space group P63mc, but differ in the volume of the
elemental cell (124.06, respectively 82.82)
(according to the ASTM 04-008-1656 and ASTM
04-007-1590 file),suggesting a structural distortion.

On the diffractogram of the ACS90 sample
from Fig.6, the interferences of 3.47 (66) A, 2.55
(100) A, 2.37 (47) A, 2.08 (97) A, 1.73 (47) A, 1.40
(35 ) A, 1.37 (53) A characteristic to the corundum
a -AlzOs in rhombohedral form, respectively the
interferences of 3.37 (100) A, 2.13 (2) A, 2.03 (3)
A, 1.68 (8) A, 1.54 (2) A, 1.23 (2) A corresponding
to graphite (carbon) can be detected. The
presence of a carbide compound of ALOC (see
ASTM file 00-036-0148) with hexagonal structure
was identified. There are also two varieties of SiC,
one hexagonal and one rhombohedral polytype
(according to ASTM 04-002-2261 file and ASTM
04-007-1978 file). The formation of crystalline
moganite-SiO2, according to ASTM file 00-038-
0360) can also be observed in monoclinic form.
The presence of moganite in the treated by SPS
can be explained by considering the additional
diffusion due to the impact force, the Joule heating
and the effect of the electric field in which the
diffusion of the ion for sintering is accelerated by
an applied electric field. It is reported that the
generation of spark plasma at the particle-particle
insulation contact  points increases  the
densification. In this particular case, the moganite
(SiOz2) is probably formed due to a reductive effect
of C and the formation of SiO2 which then reacts
with O ions forming vacancies in Al2O3 structure.
Also in this composite, the formation of an
unreacted AlOC and C carbide compound is
detected, which supports the formation of
moganite, also. Moreover, it was found that the
onset of densification of Al203-SiC composites was
delayed with increasing amounts of added SiC.

On the diffractogram of the ACS95 sample
from Fig. 7 the interferences of 3.47 (66) A, 2.55
(100) A, 2.37 (47) A, 2.08 (97) A, 1.73 (47) A, 1.40
(35) A, 1.37 (53) A characteristic of rhombohedral
corundum a -Al20s, respectively the interferences
of 3.37 (100) A, 2.13 (2) A, 2.03 (3) A, 1.68 ( 8) A,
1.54 (2) A, 1.23 (2) A corresponding to graphite
(carbon). The presence of a carbide compound of
aluminum oxide AlsO4C (see ASTM file 00-049-
1428) with orthorhombic structure was identified.
Also, a single polytype of SiC one with hexagonal
shape (according to the ASTM 04-002-2261 and
ASTM 04-007-1978) can be detected.

by the spark plasma system at low temperature

3.3. Microstructure

The surfaces of the samples were
examined using a scanning electron microscope
for high resolution imaging. The results obtained
are presented for each sample in the images
below. The characteristic aspect of the ACS 70
ceramic samples surface, sintered by the SPS
process is shown in Fig.8 — 11 with details for each
component. The images show a granular structure
with dimensions between 10 — 80 um and pores.
In Fig. 9, the distortioned hexagonal SiC structures
with dimensions of 30-70 ym were noted in major
rhombohedral Al203 matrix. On the surface of the
SiC granules some glassy-looking striations can
be observed, probably due to the formation of SiO2
as a consequence of SiC decomposition. A
process of densification is highlighted by the
formation of intergranular “bridges” in the alumina
rich — see Fig.10 — 11, as a result of diffusive
processes that take place in the volume of the
sample. In the rich alumina area, the granules
have dimensions between 10 — 80 um. The pores
are located at the intergranular border SiC- Al2Os,
Al203- Al203 having dimensions of 0.1-0.9 ym and
on the surface of the granules having 2-3 ym. The
SPS treatment applied leaded to magnification of
the alumina granules by 2-20 times.

The characteristic aspect of the breaking
surface of the ACS 80 ceramic samples sintered
by the SPS process is shown in Fig. 12 - 15 with
details for each component. The images show a
structure with granules having dimensions
between 14 — 67 um and pores. In the alumina rich
area — Fig. 12-13 — the grains have dimensions
between 14 — 23 um. The pores are located at the
intergranular boundary SiC- Al20s, respectively
Al203- Al203 having dimensions of 5-10 ym and on
the surface of the granules having 3-5 uym. A
densification process is highlighted by the
formation of intergranular “bridges” in the alumina
rich area — see Fig. 14 as a result of diffusive
processes that occur in the sample volume. The
SPS treatment applied leads to growth of alumina
grains of 3-17 times. In Fig.15 is shown a
phenomenon of tabularization of alumina granules
under rapid heating rate and the applied impact
force.

The characteristic aspect of surface of the
ACS 90 ceramic samples sintered by the SPS
process is shown in the images Fig.16 — 19 with
details for each component. The images show a
structure with granules having dimensions
between 12 — 88 uym and pores. In the alumina
matrix — Fig. 16-17. The pores are located at the
intergranular boundary (Fig. 17) SiC- Al203 and
Al2O3- Al203 have dimensions of 2-16 ym and on
the surface of the granules having 5-15 pm.
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ETD 30.00 kV 1 000 x 11.1 mm 9:45:36 AM

Fig.8 - Detail of ACS sample surface 70, Magnlflcatlon x 1000
Detaliu al suprafetei probei ACS 70, Marire x 1000.
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det HV  mag WD  6/19/2018 e—L V111
ETD 30.00 kV 2 000 x 11.2 mm 9:45:56 AM CNpSA www.foodsafety.upb.ro

Fig.10 - Detail of ACS sample surface 70 in the alumina rich
area, showing the formation of intergranular necks during
sintering, Magnification x 2000 / Detaliu al suprafetei probei
ACS 70 in zona aluminoasd, cu formarea unor punti
intergranulare, Marire x 2000.
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det HV  mag WD 6/19/2018
ETD 30.00 kV 1 000 x 10.0 mm 9:59:34 AM

Fig.12 - Detail of ACS80 sample surface, Magnlflcatlon x 1000/
Detaliu al suprafetei probei ACS80, Mérire x 1000
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det | | mag WD | 6/19/2018
ETD|30.00 kV/1 000 x 11.2 mm 9:54:52 AM

Fig.9 - Detail of ACS sample surface 70, Magnlflcatlon x 1000
Detaliu al suprafetei probei ACS 70, Mérire x 1000.
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det| HV mag: WD | 6/19/2018 20 pm
ETD 30.00 kV 5 000 x 11.2 mm 9:46:19 AM CNpSA www.foodsafety.upb.ro

Fig.11 - Detail of the surface of the ACS 70 sample, in the
alumina rich area, Magnification x 5000 /Detaliu al suprafetei
probei ACS 70 in zona aluminoasd, Marire x 5000 .

det| HV |mag WD | 6/19/2018
ETD|30.00 kV 1 000 x 10.0 mm 10:08:01 AM

Fig.13 - Detail of the ACS80 sample surface, Magnification x
1000 / Detaliu al suprafetei probei ACS80, Mérire x 1000.
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. Y 28 v &
det HV  mag WD 6/19/2018 — 1 V111
ETD 30.00 kV 5 000 x 9.9 mm 10:00:06 AM

Fig.14 - ACS80 sample surface detail, Magnlflcatlon X 5000
Detaliu al suprafetei probei ACS80, Marire x 5000.

det, HV mage= WD | 6/19/2018 [ —T,T, Y
ETD 30.00 kV 1 000 x 9.8 mm 10:21:17 AM CNpSA www.foodsafety.upb.ro

Fig.16 - ACS90 sample surface detail, Magnification x 1000
Detaliu al suprafetei probei ACS90, Marire x 1000.

gt
det HV mag= | WD | 6/19/2018 —A 101
ETD 30.00 kV'5 000 x 9.8 mm|10:21:53 AM CNpSA www.foodsafety.upb.ro

Fig.18 - ACS90 sample surface detail, Magnification x 5000/
Detaliu al suprafetei probei ACS90, Marire x 5000.
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-
%

V mago| WD | 6/19/2018

Fig.15 - Detail of ACS80 sample surface Magnlflcatlon X 5000/
Detaliu al suprafetei probei ACS80, Marire x 5000.

A NI B - ‘g
det HV mag o WD 6/19/2018 —1° 0 V101
ETD|30.00 kV/1 000 x 10.0 mm|10:18:18 AM CNpSA www.foodsafety.upb.ro

Fig. 17 - ACS90 sample surface detail, Magnification x 1000
Detaliu al suprafetei probei ACS90, Marire x 1000.

det| HV |mago WD & 6/19/2018 I — T T
ETD 30.00 kV|5 000 x 9.8 mm|10:22:53 AM CNpSA www.foodsafety.upb.ro

Fig.19 - Detail of the ACS90 sample surface, Magnification x
5000/Detaliu al suprafetei probei ACS90, Mérire x 5000.
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The granules of SiC respectively the presence of a
small amount of glassy phase can be observed. A
densification process is highlighted by the
formation of intergranular "bridges" in the alumina
rich area - see Fig.18 as a result of diffusive
processes that take place in the volume of the
sample. The SPS treatment applied leaded to
alumina granules growth and a rounded aspect of
the granules. In Fig.19, a glassy precipitate was
observed on the surface of the alumina granules,
probably due to the decomposition of SiC in SiO2
(moganite) and CO and/or precipitation of AIOC.
The thermal conductivity of SiC material is higher
than that of AlOs particularly at elevated
temperatures, the addition of SiC might be
expected to promote heat transfer from the
graphite die to the compacts, enhancing the
additional diffusion mechanism, probably
promoting the formation of moganite and Al2OC.

Adel HV  mag
ETD 30.00 kV 1 000 x 9.6 mm 10:26:55 AM

Fig.20 - Detail of the ACS95 sample surface
Magnification x 1000 /Detaliu al suprafetei probei ACS95,
Marire x 1000.

det HV 'mag= | WD | 6/19/2018 50 ym
ETD 30.00 kV 2 000 x 9.6 mm 10:27:08 AM CNpSA www.foodsafety.upb.ro

Fig. 22 - Detail of ACS95 sample surface, Magnification x 2000/
Detaliu al suprafetei probei ACS95, Mérire x 2000.

The characteristic aspect of the breaking
surface of the ACS 95 ceramic samples sintered
by the SPS process is shown in Fig. 20 — 23 with
details for each component. The images show a
granular structure with dimensions ranging from 14
to 102 ym and pores. In the alumina matrix - Fig.
20 - granules have dimensions ranging from 14 to
78 um. The pores are located at the intergranular
boundary SiC- AlOs and AlOs- AlOs have
dimensions of 2-16 ym as well as on the surface of
the granules in 5-15 ym range. In Fig.21 the SiC
granules and a rounded aspect of the granules can
be observed. The densification process is
highlighted by the formation of intergranular
"bridges" in the alumina rich area - see Fig.22- 23
as a result of diffusive processes that take place in
the volume of the sample. Magnification of the
alumina granules and a rounding aspect of the
granules have been recorded after SPS treatment.

det HV  mag WD '6/19/2018
ETD|30.00 kV/1 000 x 9.5 mm 10:33:19 AM

Fig.21 - Detail of the ACS95 sample surface
Magnification x 1000/ Detaliu al suprafetei probei ACS95,
Marire x 1000.

¥ R A’l = =
det HV mago | WD | 6/19/2018 20 pm

ETD 30.00 kV|5 000 x 9.6 mm|10:27:20 AM CNpSA www.foodsafety.upb.ro

Fig.23 - Detail of ACS95 sample surface, Magnification x 5000/
Detaliu al suprafetei probei ACS95, Mérire x 5000.
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The grain size of the matrix grains has been
significantly reduced by the SiC dispersion
because grain boundary mobility is decreased by
the SiC fine particles that pin grain boundary
movement. Grain boundary  mobility also
influences grain growth has well as densification
[12-17]. There are four factors that contribute
to the fast densification process in a SPS process
[9] (a) the use of rapid heating and cooling rates;
(b) the application of a higher mechanical pressure
than that used in a conventional hot-pressing
process; (c) rapid heat transfer; (d) the use of a
pulsed direct current, where samples are also
exposed to an electric field. The presence of SiC
particles induces tensile stresses which are
developed by the large thermal expansion
mismatch of the components. Moreover, SiC
particles, located at the grain boundaries, resist
crack propagation. These two factors, which
promote transgranular fracture in composite
materials, increase the fracture toughness because
transgranular fracture requires higher energy to
propagate a crack compared with intergranular
fracture. Particle bridging should be also

considered an important toughening
mechanism [18,19].
4.Conclusion

The sintering behavior and

microstructural evolution was investigated for
AlO3-SiC composites sintered by a SPS
process. The densification of pure AlOs; and
Al,O3-SiC ceramics manufactured by the SPS
process was remarkably enhanced due to
additional diffusion mechanisms induced by the
spark plasma even at low temperature (830 °C -
1050°C). The observed delay of the densification,
therefore, is thought to be due to the decrease in
the grain boundary and lattice diffusivity, resulting
from the SiC dispersion. Therefore, in the
composite case, higher temperatures for fully
densification should be required to supplement the
decrease in the diffusivity, compared with pure
AlOs. It was also considered that the addition of
SiC particles (5%,10%,20% and 30%) with a lower
thermal expansion coefficient than the Al2Os
matrix, induced transgranular fracture, resulting in
crack tip shielding, such as particle bridging
and stress-induced microcracking, which acted as
toughening mechanisms. One can be expected
improvements in the fracture toughness and
strength of Al2Os;—SiC ceramics prepared by a
SPS as this process is closely related to the
densification behavior  and microstructural
changes, as well as the effect of the fine SiC
dispersion. A rapid heating rate promotes lattice
diffusion and/or grain boundary diffusion which are
major densification mechanisms in the high-
temperature regime rather than surface diffusion

by the spark plasma system at low temperature

higher heating rate which was applied to the SPS
process plays an important role in enhancing the
densification. Another factor affecting densification
is the heat transfer from the graphite die to the
sintered compacts. Usually, the thermal
conductivity of SiC material is higher than that of
AlOs particularly at elevated temperatures.
Consequently, the addition of SiC might be
expected to promote heat transfer from the
graphite die to the compacts. Finally, the
enhancement of densification for the SPS process
can also be attributed by considering the
additional diffusion due to impact force, Joule
heating and the electric field effect in which the
diffusion of ions for sintering is accelerated by an
applied electric field leading to the insulating to
particle-to-particle  contact points enhanced
densification. The monoclinic moganite-SiO2 was
identified in the ceramics with 10% SiC particles as
well as rhombohedral a-Al20s3 and distortional
hexagonal and rhombohedral SiC polytypes. Also,
a hexagonal AlCo.500.5 compound was identified in
the compositions with 5-20% SiC. The cubic Si
was revealed in the composition with 30% SiC.
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