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Abstract

B-SiC nanopowders with a mean particle size of 16.6 nm were obtained by laser pyrolysis. De-agglomeration of the powder was performed in an
aqueous medium under magnetic stirring and ball-milling. Subsequently, green bodies were prepared by slip-casting of slurries. In this context,
non-conventional densification routes such as Spark Plasma Sintering (SPS) with an applied pressure of 70 MPa allowed to achieve high final
densities (96% TD). Different microstructures were obtained by varying the sintering temperature. Finally, the mechanical properties of the samples
(hardness, toughness) were determined and a correlation between the final microstructures and the mechanical behavior was established.

© 2011 Elsevier Ltd. All rights reserved.
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1. Introduction

Ceramic carbides materials such as SiC, due to their refrac-
tory nature and their low neutron absorption are believed to be
promising candidates (as bulk, coating or in composites) for
manufacturing the fuel cladding for the future generation of
nuclear fission reactors.! Furthermore, SiC represents a potential
material as first-wall material in fusion reactors.”*

However, SiC brittleness has limited its structural applica-
tion. For counteracting this phenomenon, a reduction of grain
size (below 100nm) together with a high final density (also
for fission products retention) seems to be the solutions for
improving mechanical properties. Moreover, the reduced grain
size may enhance the resistance to irradiation as reviewed in
literature.’

Sintering additives are usually employed for SiC sintering,
generally boron-based or yttrium and aluminum oxides, in order
to achieve high densities and fine grain sizes. The presence of
additives allows to improve the mechanical properties,® although
they present drawbacks under irradiation (neutron absorption
or swelling). Oxide phase at grain boundaries can also impede
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mechanical performances at high temperatures. In order to avoid
these drawbacks, no sintering additives were used in the pre-
sented study.

In order to obtain fine grained ceramics, the starting pow-
ders grain size has to be decreased down to the nanometric
scale. Laser pyrolysis is known to be an interesting technique for
producing various carbide nanopowders.” This latter technique
already developed for large production rates (more than 2 kg/h
for SiC) has been extensively studied since its development for
the synthesis of SiC.%% Gaseous process using the decomposi-
tion of silane mixed with a gaseous carbon precursor as acetylene
or ethylene allows to control the final grain size and degree of
crystallization.'?

However, gas phase synthesized nanopowders are usually
agglomerated and this affects the green samples forming by gen-
erating porosity. In the green state, two types of pores exist: the
inter-agglomerate pores (microns) and intra-agglomerate pores
(nanometers). The elimination of the micronic inter-agglomerate
pores requires high densification temperatures promoting the
grain growth.! 112

In this context, the dispersion of the initial nanopowders car-
ried out by magnetic stirring or ball-milling seems to be a key
in reducing the initial agglomeration.'> The second beneficial
effect introduced by the dispersion process can be the mechan-
ical activation which is likely to increase the density of surface
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defects and as a consequence to enhance the sinterability as it
was shown by Ohyanagi et al.'*

Moreover, employing non-conventional sintering routes such
as SPS allows reaching high fired densities at short sintering
times, thus minimizing the grain growth.'> Recently, some inter-
esting mechanical values regarding nano-SiC sintered by SPS
were found by Yamamoto et al.!®

In this work, B-SiC produced by laser pyrolysis was sub-
mitted to magnetic stirring and ball-milling. Then, green bodies
were prepared by slip-casting and uniaxially pressed at 188 MPa
prior to SPS sintering.

Standard mechanical characterization (hardness and tough-
ness) of sintered samples was conducted. The aim of this study
was to establish a correlation between the microstructural fea-
tures and the mechanical behavior.

2. Material and methods

SiC synthesis was achieved from a gaseous mixture of silane
SiH4 and acetylene C;H;. During the synthesis, SiH4 and CoHj
flows were set at 395 sccm and 190 scem, respectively. The aim
was to obtain a Si/C ratio leading to a slight excess in Si in the
final product in order to favor the powder dispersion in water
through the formation of surface Si-OH bonds. Laser power was
600 W and the process pressure was kept constant at 740 Torr.
The production rate was 35.8 g.h~!.

Physico-chemical characterization of as-produced powder
was conducted. Chemical analyses were performed with a rela-
tive uncertainty of 3%. Si content was measured by ICP-AES at
CNRS central analysis laboratory (Vernaison, France). C con-
tent was measured with Horiba EMIA-320 V apparatus, while O
content was measured with Horiba EMGA-820 apparatus. Pow-
ders were submitted to X-ray diffraction (XRD, Philips X’Pert)
using the Cu Ka 1 radiation (A = 1.5406 A). In order to determine
the particle average size, TEM observations (Topcon 02B) were
performed on the as-produced powder. True density of the start-
ing powder was estimated from chemical composition (detailed
later) and was confirmed by helium pycnometry measurements
(Micrometrics Accupyc 1330). Specific surface area was mea-
sured on a Micrometric Automate 23 apparatus after outgassing
at 150 °C for 1h.

Powders were submitted to suitable dispersion processes in
distilled water with a solid content of 30 wt%. The dispersion
was conducted by magnetic stirring for 200 h or pseudo ball-
milling for 100 h (powder/spheres ratio 1:50, Union Process SiC
Satellites of 3/16""). Samples are labeled in the paper as MS
when dispersed by magnetic stirring and BM when dispersed by
pseudo ball-milling. This latter process is obtained by shaking
the powders/balls slurry in a mixing device (Turbula Type T2F,
Willy A. BachofenMaschinenfabrik AG, Switzerland) at 72.7
r.p.m.

During dispersion Dolapix A 88 (2-amino 2-methyl
propanol) supplied by Zschimmer & Schwarz, Germany was
added as dispersant. The concentration was 3.5 wt%. The defloc-
culating effect of this pseudo cationic dispersant on SiC particles
surface generates charges of same polarity which provokes the
repulsion of particles.

In order to check the efficiency of the dispersion step, grains
and agglomerates sizes were measured by photon correlation
spectroscopy (PCS) by means of MalvernZetasizer 300 HS
apparatus.

After dispersion, slurries were slip-casted in porous ceramic
molds and uniaxially pressed at 188 MPa with the aim of increas-
ing the green density. These green densification values were
calculated taking into account the starting density value (true
density) measured by helium pycnometry on as synthesized
nanopowders.

The powders were sintered by using SPS equipment HPD
25/1 (FCT System GmbH, Germany). The following sintering
parameters have been used:

e General conditions: a graphite die with an internal diameter
of 20 mm and a wall thickness of 10 mm was used with 2 g of
powder. A graphite felt with a thickness of 8 mm surrounded
the matrix in order to avoid thermal losses. A pressure of
73 MPa was applied at the beginning of the cycle during 30 s
at room temperature and then, it was released and a constant
pressure of 16 MPa was applied up to 1450 °C. Then, the pres-
sure was increased up to 73 MPa. This pressure was released
at the end of the holding time.

All the experiments were made under a vacuum of 1 Pa. The
following pulse sequence was chosen: 10 ms of pulsed current
followed by 5 ms of current without pulse. The cooling rate cor-
responded to a natural cooling. The heating rate was fixed at
185 °C/min and the soaking time at the sintering temperature
(from 1700 to 1900 °C) was 5 min.

The temperature was measured by means of an optical pyrom-
eter focused on the upper graphite punch, at about 4 mm from
the sample. Sintered samples exhibited a thickness of 2 mm.

The following flow chart illustrates the fabrication process
(Fig. 1) employed for producing nano-SiC ceramics.

Bulk densities were measured by Archimedes method follow-
ing the C373-88(2006) ASTM standard test method as well as by
helium pycnometry. The degree of densification (density of the
sintered part compared with the theoretical density) was calcu-
lated taking into account the content of the single elements after
chemical analysis performed on sintered pellets. Vickers Hard-
ness (HV) measurements were carried on surfaces polished with
diamond paste down to 3 wm using a Vickers Hardness Tester
FV-7 with an applied force of 10 daN held for 15 s. The obtained
values were the average over five measurements. Fracture tough-
ness was estimated using the Anstis formula.!” Microstructural
features on sintered samples were analyzed by SEM (Zeiss Ultra-
55 Scanning Electron Microscope) on the fracture surfaces.
These SEM observations enabled the grain size measurement
by using image analysis software (ImagelJ).!® The mean value
was calculated by using the average linear intercept method in
the horizontal and vertical directions on at least a hundred grains.
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Fig. 1. Schematic flow-chart of the nano-SiC preparation.

3. Results
3.1. Starting powder structure

The physico-chemical features of the as-produced powder
are summarized in Table 1.

Chemical analyses indicated that the as-produced powder
contains free-carbon and oxygen since, theoretically, SiCis com-
posed of 70 wt% Si and 30 wt% C. Indeed, the true density can be
calculated by knowing the elements content. In order to achieve
this estimation, the O present in the sample was assumed to be
bonded to Si as SiO, phase. The Si amount involved in this
silica phase was subtracted to the total Si amount. Remaining
Si amount was assumed to be bonded to C as SiC phase. The

Table 1

Physico-chemical properties of the as-produced powder.

Average particle size (TEM) 16.6 nm
SSA (BET) 114 m?/g
True density 3.02 g/cm’®
Crystal phase B

Si (wt%) 65.7%

C (wt%) 29.2%

O (wt%) 5.0%

Fig. 2. TEM micrograph of the as-produced powder.

C amount involved in this carbide phase was subtracted to the
total C amount. The remaining C content was considered as
free C. Finally, a value of 3.05g/cm® was calculated follow-
ing these approximations, this value will be later referred as the
true density. A nearby value of 3.02 g/lcm® was measured by
helium pycnometry, showing that the calculation from chemical
composition was relevant.

The relatively high O content cannot be ascribed to pollu-
tion during the SiC grain growth, as the purity of the precursor
gases (electronic grade) and the leak proofness of the reactor
avoid any possible O contamination. The high O content is the
consequence of multiple factors enhancing the oxidization after
synthesis: high specific surface, air processing for powder col-
lection and treatment, and in this particular case Si excess in the
Si/C ratio.

The specific surface area (SSA) was measured at 114 m?/g.
Assuming a spherical shape and using the true density p, a cor-
responding grain size D can be estimated through the following
relation:

6

D=—— 1
pSSA M

The estimated grain size from SSA measurements is then
17.3 nm. This can be compared to the mean grain size estimated
from TEM picture shown in Fig. 2. The average size is found
at 16.6 nm, with a size distribution ranging from 5.1 to 26.5 nm.
This is in good agreement with the value estimated from BET
measurements, taking into account that these latter ones come
with experimental uncertainty.

Fig. 2 also shows that the powder is composed by very fine
grains exhibiting a chain-like agglomeration.

The XRD pattern revealed that powder is exclusively com-
posed by the cubicphase B-SiC (JCDD #74-2307) as shown in
Fig. 3.
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Fig. 3. XRD pattern of the as-produced powder.

The XRD analysis permits to calculate the crystallites size by
applying the Scherrer’s method. This is a rough estimation of the
crystallite size, as the fitting method used to determine the full
width at half maximum (FWHM) of the diffraction peaks can-
not take correctly into account the shape resulting of crystallite
size distribution. This estimation also considers the absence of
strain broadening in the diffraction peaks (which is commonly
assumed for powders), which could lead to underestimate the
final crystallite size in nanometric particles. Nevertheless, the
calculated value was 13.5 nm indicating that the crystallite size is
relatively close to the particle size observed by TEM. This seems
to indicate that the powder is constituted by single crystalline
grains.

As previously mentioned, two dispersing routes were
employed in this study (MS and BM). In terms of agglomerate
size after process, both routes gave similar results. These results
are shown in Fig. 4. After dispersion, a bimodal distribution,
corresponding to the distribution in volume was measured. In
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Fig. 4. Photon correlation spectroscopy (PCS) size distribution of magnetically-
stirred sample (MS): in volume (solid line) and in number (dashed line).
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Fig. 5. Evolution of the grain size as a function of the sintering temperature
(M, magnetic stirring; e, ball milling). The arrow indicates the excessive grain
growth.

point of fact, a broad peak at 24.1 nm accompanied by a second
at 147 nm were observed. An important reduction of equivalent
agglomeration distribution was thus achieved. The small size
population (24.1 nm) can indeed be ascribed to individual pri-
mary particles, as PCS gives the hydrodynamic gyration radius
value, taking into account the particle diameter surrounded by
surfacting species and solvatation layer. Moreover, volume dis-
tribution is highly sensitive to the presence of very few larger
agglomerates which diffuse light very efficiently: in terms of
number of bodies, the population around 147 nm would be very
weak. The distribution in number is also reported in Fig. 4.

3.2. Sintering

Samples were sintered in the 1700-1900 °C range, in order
to obtain different microstructure developments. Samples exhib-
ited a green density of about 1.51 and 1.43 g/cm? for MS and
BM corresponding to 50.0% and 47.3% of TD, respectively. The
relative density was calculated on the basis of the true powder
density (3.05 g/cm?) taking into account the oxygen content,
5.0 wt%.

Indeed, the oxygen content limited the success in developing
SiC nanoceramics as it has a detrimental effect on the coarsening
and densification. A reduction of the dihedral angle in SiO;-
coated SiC nanoparticles was observed by several authors.'”
During sintering, SiO» can be reduced from 1500 °C as two
reactions (Eq. (2)) could take place leading to the SiO formation.

Si0, 4+ C(s) — CO(g) + SiO(g)

2Si0,(s) 4+ SiC(s) — CO(g) + 3Si0(s) @

If SiO is still present in the powder, it promotes the sintering
by vapor transport which promotes the neck formation and grain
growth.?0 Nevertheless, formation and release of gaseous SiO
can favor the appearance of porosity.

In Fig. 5, grain sizes of the different sintered samples are
presented. As represented on the figure, sample BM exhibited
an abnormal grain growth from 1850 °C.
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Table 2
Oxygen content of dispersed and sintered samples.

Sample Oxygen content (Wt%)
Dispersed MS 6.1
MS sintered at 1900 °C 0.7
Dispersed BM 6.6
BM sintered at 1900 °C 0.8

In order to discriminate the effect of the oxygen on the grain
growth, chemical analyses were performed on the dispersed and
sintered samples. In Table 2, the oxygen content of all samples
is presented.

After dispersion, an increase up to >6 wt% due to the pro-
longed dispersion in an aqueous medium was observed. On the
other hand, after sintering a reduction down to <1 wt% was
found. The reductive SPS conditions are effective to decrease
the oxygen content through several possible reactions: forma-
tion of gaseous SiO (see Eq. (2)) or formation of CO and CO»
generated by oxidization of free C, graphite and organic dispers-
ing agent. Concerning the explanation of the different behavior
upon sintering in MS and BM samples, the O effect cannot be
responsible as the content in this element is similar in both pow-
ders after dispersion. Thus, physical surface activation during
the milling process may be responsible for the grain coarsen-
ing as no significant differences were found in terms of oxygen
content in green samples.

Taking into account the oxygen content after sintering, the
theoretical density could be calculated. Considering the chemi-
cal composition, if the pellets had been densified at 100%, their
density for both dispersion routes would be 3.15 g/cm® which
differs from the theoretical value of 3.21 g/cm>. For this rea-
son, fired densities were calculated employing the analytical
calculated value of 3.15 g/cm?3.

InFig. 6, the evolution of density as a function of the sintering
temperature is presented.

96
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Fig. 6. Evolution of the density as a function of the sintering temperature (H,
magnetic stirring; e, ball milling).

637

Fig. 7. SEM micrographs at the same magnification (100k x ) of the fracture sur-
faces ofmagnetically-stirred samples (MS): Sintered at 1750 °C (a) and 1900 °C
().

A similar densification was obtained by both dispersion
routes. However, a slight anticipation in BM at 1800 °C was
observed.

3.3. Microstructural characterization

In Figs. 7 and 8, some SEM micrographs are presented.
Micrographs were taken at the center of the specimens. Samples
sintered at 1750 °C exhibit a fine grained microstructure con-
sisting of round-shaped grains of 60-70 nm entrapping diffuse
residual porosity. The fracture mode is radically different: in case
of MS it is prevalently intergranular while BM presented both
inter- and transgranular modes. Transgranular fracture zones are
indicated with arrows.

Samples sintered at 1900°C present quite different
microstructural features. MS sample is still composed of fine
grains of about 240 nm. In contrast, BM sample is characterized
by a large grain growth (&2 pm). The unexpected coarsening
should be imputable to the surface activation as similar oxygen
content was found in both samples. During the grain size mea-
surement in BM 1900 °C sample, some difficulties were faced as
the crack propagation was mostly transgranular which probably
leads to an overestimation of the average grain size.

3.4. XRD pattern of the sintered samples

An interesting aspect was found through XRD analysis of
all sintered samples (namely in MS and BM). It is illustrated
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, ?

Fig. 8. SEM micrographs of the fracture surfaces at different magnifications
(100kx and 10kx) of ball-milled samples (BM): sintered at 1750°C (a)
and1900 °C (b).

in Fig. 9. Sintered samples are composed by two phases: the
main 3-SiC (JCPDF # 074-2307) and a secondary pure Si phase
(JCPDF # 075-0590), indicating an excess in Si content already
present in the as-produced powder but previously not detected
by XRD.

In sintered samples a low intensity peak near 33.6° (1 00)-
indicated with an arrow in the XRD pattern —corresponds to non-
symmetric reflection related to stacking or planar faults (twin
boundaries) as reported by several authors.?!?2

. 3C-SiC 010742307
Si 01-075:0590
3
-
>
=
Z
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= |
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Fig. 9. XRD pattern of the ball-milled sintered sample (e =3C-SiC, A =Si).

In the as-produced powder, these stacking faults are not
observed. As peaks obtained from XRD are broadened by the
small average particle size, a small amount of these stacking
faults could be present but remain unobservable.

After sintering, grain growth may allow the stacking faults
appearance in XRD by two phenomena. On the one hand, if we
consider that stacking faults are already present in the starting
material but are not seen in XRD because of the broadening of
the peaks, the narrowing of the peaks generated by the increase of
the crystallite size upon sintering could allow the observation of
the reflections due to the stacking faults. Normally these stacking
faults, when present in the raw material, can be eliminated as
grain growth takes place.”® But their elimination takes place
only at high temperatures* and, in this particular case where the
applied pressure and sintering temperature hinder the excessive
grain growth, the processing conditions could also impede the
elimination of the stacking faults.

On the second hand, if we consider that the starting powder
is free of stacking faults, the appearance of the corresponding
features in XRD could be related to the formation of such defects
during the crystallite growth or during the crystallization of SiC
through carboreduction of the starting silica content.

The presence of defects after sintering was also corroborated
by calculating the average crystallite size from peak broadening
by applying the Scherer’s formula. Value of around 66 nm was
obtained for sample MS 1900 °C, which has to be compared
to the mean grain size determined by SEM observation around
240 nm (see Fig. 8a). This value confirms the presence of defects
(twinning boundaries or stacking defaults) within the grains, as
reviewed by VaBen et al.,'® forming smaller coherent diffraction
domains in the grain lattice (i.e. crystallites).

3.5. Mechanical properties

Samples were subjected to mechanical characterization
(hardness, toughness) in order to correlate the final microstruc-
tures with the mechanical behavior. The influence of grain size
on the hardness has been investigated. Hardness often follows
the Hall-Petch relationship:

Hy=00+ko d? 3)

where H, is the Vickers hardness, o, and &, are constants and d
is the grain size.

Fig. 10 shows the evolution of hardness as a function of grain
size. From the data, it seems that hardness is strongly dependent
on the density and grain size as expected. The combination of
both factors determined the measured values. This phenomenon
may explain the differences found between hardness values.
However, due to the high error levels, it is difficult to reach
a conclusion about the effects of density and grain size.

A hardness gradient between the border and the center of the
pellet was found. This phenomenon is induced by the density
gradient caused by the forming and sintering methods.

Indeed, up to the maximum value (25 £ 0.2 GPa), hardness
increases as a function of the density. Inversely, samples sintered
over 1800 °C showed a slight decrease of hardness (when grain
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Fig. 10. Variation of Vickers hardness and relative density as a function of
grain size (ll = magnetic stirring, e = ball-milling — full coloured: hardness, non-
coloured: density).

sizes are >200 nm and densities >95% TD), thus following the
Hall-Petch relation.

Fracture toughness was determined by direct crack measure-
ment method using the Anstis’s formula (Eq. (4)) as reported by
the author.

Kic = A Z o 4
SRONE) @

where c is the length of the crack from the center of the impres-
sion, A is a geometric constant equal to 0.016, P is the change
expressed in Newtons, H is the hardness value and E the Young’s
modulus. For the calculation, the variation of the elastic mod-
ulus as a function of porosity V), as proposed by Snead et al.?
has been taken into account

E = Eoexp(—CVp) &)

where E, is the elastic modulus of the pore free SiC (460 GPa)
and C is a constant (3.57).

Asillustrated in Fig. 11, samples with grain sizes over 200 nm
exhibited the highest toughness (6 & 0.2 MPa.m!/?).

4. Discussion

Asreported in literature, hardness increases with the decreas-
ing grain size as it has been observed in oxide and non-oxide
ceramics.2%28 However, in fine grained brittle materials a
decrease of hardness can be observed when there is a residual
porosity.2? This phenomenon may explain the differences found
between hardness values.

As a comparison, Yamamoto et al."®> measured a constant
hardness value of around 20 GPa in SiC materials synthetized
by mechanical alloying and densified by SPS at a lower pressure
70 MPa without sintering additives. In their particular case the
Hall-Petch relation has not been confirmed as authors claimed
that an insufficient grain bonding was found in samples due
to the absence of sintering additives. Moreover, a similar trend
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Fig. 11. Variation of fracture toughness and relative density as a function of
grain size (ll = magnetic stirring, = ball-milling — full coloured: hardness, non-
coloured: density).

was observed in our study for grain sizes under 130 nm. Under
this boundary, hardness seems to be ruled by the density. By
increasing the grain size over 130 nm there is a slight reduction
imputed to grain coarsening. This fact is less evident in BM
sample, in which the influence of density in hardness seems to
be stronger, with a value around 22 GPa.

With sintering additives (1 wt% bore-black carbon) VaBen!?
measured high hardness values in SiC dense samples with grain
sizes below 150 nm. Those samples prepared by HIP exhibited
higher hardness values of around 26 GPa for SiC materials.

Regarding toughness, it is well known that it is strongly influ-
enced by the microstructure. Particularly, in monolithic ceramics
the average grain size determines the fracture toughness, as frac-
ture morphology changes from intergranular to transgranular.>

Moreover, toughness is improved by reinforcement mech-
anisms such as crack bridging, microcracking and the phase
transformation or the combination of these phenomena. It is
supposed that these mechanisms are responsible for absorbing
the available crack propagation energy.

During cracking, bridges formed by matrix grains remain
intact behind the crack tip. Such bridges are formed by crack
bridging of microcrack. The bridging component essentially
depends on the grain size and on the frictional pullout of these
grains. The frictional pullout energy (J) is considered to be pro-
portional to the maximum crack opening displacement, d/2, as

reviewed by Becher et al.3! The grain bridging toughening is
equal to:
ageo = Yeoted ©)

where Vg, is the fraction of bridging grains, Ty the frictional
shear stress involved during cracking and d is the grain size. The
fracture toughness (K™) including the average fracture tough-
ness of the various crystallographic fracture planes (J,) is:

1

K™ = [Em (Jo + Afgb)] : %)
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where E™ is the Young’s modulus. The increasing of toughness
as a function of grain size was reported by several authors.>?
Moreover, Rice et al.>3 showed that toughness increases as crack
length increases up to a critical grain size.

Regarding our materials, higher values were obtained in com-
parison with the results published by VaBen, who measured
4.2 MPa.m!”? by using the Evans’s method. '’

Furthermore, SiC nanocomposites prepared in absence of
sintering additives presented a value of 2.2MPa m"?. In this
particular study, the authors employed the SEPB method for
measuring.

5. Conclusions

The consolidation of SiC nanopowders synthesized by laser
pyrolysis and sintered by spark plasma sintering has been inves-
tigated. A good densification (*96% TD) was achieved by this
technique in absence of sintering additives, taking into account
the possible nuclear application.

By varying the sintering temperature from 1700 to 1900 °C,
a different microstructural development was obtained for both
dispersion routes. The ball-milling process was effective in acti-
vating the surface. Indeed, an important grain coarsening was
observed in ball-milled samples at high temperature regime.

Samples exhibited interesting mechanical properties: hard-
ness (25 GPa) and toughness (6 MPa.m" 2). It was corroborated
that the grain size, as well as the porosity strongly affected the
mechanical properties. For this reason, it seems that the con-
trol of oxygen content is the key in enhancing the mechanical
properties of these nanostructured carbide ceramics.

As a future activity, SiC nanoceramics should be prepared
by handling powders in controlled atmosphere and dispersing
the powders in organic medium, with the aim of avoiding the
surface oxidation.
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