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HIGHLIGHTS

GRAPHICAL ABSTRACT

e A three-step study was done to
enhance wettability of RHA by Al-
Mg-Si alloys.

o Si3sNy coated on RHA by hybrid CVI
system, using solid precursor of
NaZSiFG.

e Optimum processing parameters to
maximize the amount of deposited
SisN4 were defined.

e By coating RHA with SisN4 the con-
tact angle decreased from 72° to 35°.
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Success in the manufacture by the liquid-state route of Al-matrix composites reinforced with RHA
strongly depends upon its suitable wetting by the aluminum alloys. Since RHA is scarcely wetted by Al
alloys, development of appropriate wetting technologies is paramount. A three-step investigation has
been conducted to enhance wettability of RHA by two Al-Mg-Si alloys. In the first step, a study on the
coating of RHA with Si3N4 by the hybrid system chemical vapor infiltration using Na;SiFg solid precursor
and N, and N,-NH3 as gas precursors, was conducted. The second step consisted of studying the
quantitative effect of processing parameters to maximize the amount of Si3sN4 deposited into porous
silica preforms. In the third stage, a wettability study using the sessile drop method was conducted to
elucidate the effect of Si3N4 coating by comparing the wetting behavior by two Al alloys of RHA sub-
strates, reagent-grade SizN4 and SizNg-coated RHA substrates.

© 2017 Elsevier B.V. All rights reserved.
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The low electrical conductivity, low thermal expansion coeffi-
cient and density of SiO, when compared to SiC and B4C, makes it
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an appealing prospective reinforcement for metal matrix compos-
ites [1—4]. Owing to its unique natural structure — while having
silica as a major constituent —, rice husk ash (RHA) has the potential
to be a value-added recycling material for use as silica monoliths,
reinforcement and functionality phase in metal and ceramic matrix
composites [5—8]. Nonetheless, as an oxide material, the wetta-
bility of RHA by molten aluminum alloys is poor [9—11]. One
alternative for overcoming the wettability issue is by engineering
coatings on RHA with materials that improve wetting, protect the
reinforcement from attack by liquid aluminum or enhance the
matrix/reinforcement interface strength. It has been reported that
low contact angles are observed in aluminum alloys in contact with
silicon nitride (Si3N4), making it a promising material for coating
RHA [9,12]. In addition, Si3N4 has a low impurity incorporation, low
self-diffusion coefficient, good thermal conductivity and good
resistance to high temperature. For these reasons, recently SizN4
has caught the attention of several technological and industrial
fields, including microelectronics and optoelectronics [13,14].

The production of silicon nitride powders with different purity,
morphology and sintering activity lies essentially in four synthesis
routes: (a) the direct reaction of elemental silicon with nitrogen
gives place generally to coarse products which have to be milled
prior to further processing [15]; (b) carbothermal reduction, which
utilizes fine mixture of SiO, and carbon powders in nitrogen at-
mosphere at 1500 °C[16]; the diimide-process, which uses liquid or
gas-phase precursors [17]; (d) CVD techniques, which use volatile
silicon compounds such as SiCly, SiH4 or related molecular com-
pounds by reaction with ammonia [18,19]. Silicon nitride films with
a large number of hydrogen radicals incorporated in its structure
are produced when using silane by CVD (SiHg) [20]. The -SiH rad-
icals may act as charge traps in the silicon nitride [21,22] and
produce a great instability in the electric characteristics of the
devices.

In this regard, some attempts have been made to reduce the
presence of those radicals. In presence of fluorine source, it seems
that the fluorine atoms can substitute the hydrogen atoms linked to
silicon atoms, forming Si-F bonds with a higher bonding energy
(536 k] mo1~") than the Si-H bonding energy (295 k] mol~1)[23].In
addition, fluorine atoms saturate the extra silicon dangling bonds in
the film, which prevent the formation of traps in the nitride and
also decrease the surface state density. Kinetics of SizN4 film de-
positions from various gaseous systems with ammonia shows that
kinetic constant for formation of SizN4 at normal pressure deposi-
tion systems increase in the order K SiCl4< K SiH,Cl; < KSiHg4. The
fact that silane is more thermally unstable than SiCly4, while SiH,C1,
shows an intermediate stability, explains this tendency. The lowest
activation energy is for SiH4 whilst the highest one is for SiCly,
keeping SiH,C1; as the precursor with an intermediate value [24].

In this contribution, the hybrid system chemical vapor deposi-
tion and infiltration (HYSY-CVD and HYSY-CVI) methods were used
[25]. In order to promote wetting of RHA by two Al alloys, a three-
fold objective has been established for this investigation. The first
objective consisted of depositing SisN4 on RHA, via the thermal
decomposition of Na,SiFg in nitrogen containing atmospheres. The
second objective was to establish the optimum processing condi-
tions for maximizing the amount of silicon nitride deposited into
porous silica (RHA) preforms by studying the quantitative effect of
time and temperature, gas flow rate and nitrogen precursor (N, or
N>-5 vol. % NH3) on the amount of SisN4 formed. Using the sessile
drop method, the third objective was to conduct a comparative
study of the wetting of Si3N4 coated silica, reagent-grade Si3N4 and
SiO, (RHA) substrates with two experimental Al-Si-Mg alloys, with
the final aim of optimizing the wetting conditions.

2. Experimental
2.1. Materials and preform preparation

Depending on the type of chemical or thermal treatment,
amorphous or different types of crystalline silica can be obtained
from rice husk (RH) [9,26]. In this study rice husk was washed with
water to remove dirt and other contaminants and then was dried in
open air for one day. The washed and dried rice husks was calcined
at 950 °C for 2 h in a muffle furnace and air atmosphere. A repre-
sentative X-ray diffraction pattern of silica obtained is shown in
Fig. 1 [27]. Using the aforementioned method of incineration, tri-
dymite and cristobalite phases were detected in the XRD patterns.

Cylindrical preforms (1 cm diameter x 0.5 cm height) with 50%
porosity were prepared by uniaxial compaction of SiO,(RHA)/Si
with 10 wt % Si (Spectrum Chemical Mfg. Corp. New Brunswick, NJ,
USA). Likewise, cylindrical compacts (3.175 cm in diameter x 1 cm
long) were prepared using an amount of 15 g of sodium hexa-
fluorosilicate (NaySiFg, Merck, Germany).

2.2. Materials and substrate preparation

Disk-shaped SiOj, SizN4 (3 cm in diameter x 0.5 cm thick) were
prepared by the compaction (pressure = 35 MPa) of the corre-
sponding materials. For preparation of SizN4-coated silica, sub-
strates were processed in a hybrid system chemical vapor
infiltration (CVI) reactor.

2.3. Processing of Si0,/SisN4 porous preforms via HYSY-CVI

The porous preforms were processed in a hybrid system
chemical vapor infiltration (HYSY-CVI) reactor, which consists of a
horizontal tube furnace equipped with devices to control the type
of nitrogen precursor as well as its flow rate. In order to make it an
environmentally-friendly system, it also includes a powder collec-
tor and a neutralizer of the gas by-products. The SiO,/Si porous
preforms were consistently placed in the center of the reactor and
the NaySiFs compacts were located in a low temperature zone be-
tween the gas entrance and porous preform (see Fig. 2). The pre-
arranged positioning of the Na,SiFg compact allows controlling the
decomposition rate of it in the temperature range under study.
Under the type of nitrogen atmosphere (N3 or N»-5% NH3), the
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Fig. 1. X-ray diffraction pattern of silica produced from RH treated at 950 °C.
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Fig. 2. Schematic representation of the experimental set-up.

system was heated at a constant rate of 20 °C/min up to the test
temperature, held isothermally during the established test time
and cooled down to room temperature, maintaining the same at-
mosphere. DTA/TG, analyses were performed at atmospheric
pressure in nitrogen on a SDT Q600 (V20.9 Build 20) apparatus at
heating rate of 20 °C min~'. Phase analyses of the final products
were performed using CuKe radiation in a Philips 3040 X-ray
diffractometer. The microstructure of the samples after deposition
was examined in a scanning electron microscope (SEM) provided
with an energy dispersive X-ray (EDX) analyzer. Thermodynamic
calculations on the feasibility of the reactions involved in the
Na;SiFg(s)-NH3(g)-Na(g) system by CVI were carried out using the
FactSage™ software and databases. The three-dimensional struc-
ture of the preform before and after processing was analyzed by
using a Hamamatsu microfocus X-ray source and flat panel sensor.
The voxel size of the obtained reconstructed volume was 7 pm. The
volume was visualized by VGStudio MAX 2.2.

2.4. Optimization of process parameters for coating RHA with Si3Ny4

In order to determine the quantitative effect of the processing
parameters on the total amount of deposited phases, analysis of
variance (ANOVA) was performed. An Lg Taguchi experimental
design was used to study the effect of the following processing pa-
rameters in two and three levels on the deposition of Si3N4 by HYSY-
CVI: nitrogen precursor (N, and 5 vol% NHs3-balance N3), nitrogen
precursor flow rate (20, 60, and 100 cm®min~!), time (45, 60, and
90 min) and temperature (1100,1200 and 1300 °C). Table 1 shows the
Ly orthogonal array used for optimizing the SizNy4 coating on SiO,.

Table 1
Orthogonal array Lg used for optimizing SisN,4 coating on SiO-.

2.5. Wettability study

The wettability behavior of SizNg4, SiO, (RHA) and CVD-SizN4 on
silica substrates by two different Al-Mg-Si alloys was investigated
by the sessile drop method. Aluminum specimens —
~10x10x 10 mm in size — were cut from as-cast aluminum alloys,
polished and cleaned ultrasonically in acetone before placing them
on the top of the substrates. Sessile drop tests were performed in
ultra-high-purity (UHP) Ar and N (O, traces < 5 ppm) by heating
the metal/substrate specimens at a rate of 15 °C/min up to the test
temperature in a tube furnace provided with an optical window,
enabling the sessile drop on the substrate to be illuminated and
projected onto a screen. Contact angles were measured directly
from the images of the droplet profiles with an accuracy of +2°.

3. Results and discussion
3.1. Thermodynamic evaluation of Na,SiFs-N2-NH3 reaction system

Sodium hexafluorosilicate starts to decompose at relatively low
temperatures (<600 °C) [28]. Fig. 3a presents the TGA—DTA curves
of the decomposition of NaySiFs. The TGA curve shows just one
stage of weight loss. At this stage (128.66—573.29 °C, weight
loss = 98.6%), one endothermic peak at 570.87 °C in the DTA curve,
which comes from the decomposition of Na,SiFs was observed.
Equilibrium thermodynamic predictions of NaySiFg show that,
although SiF, is the main product of Na,SiFg decomposition, there
are three minor products, namely, SiFs, SiF,, and SiF. Fig. 3b shows
plots of log Mols;r, of decomposed Na;SiFgs vs. temperature in the
reactor.

Trial/Run Temperature (°C) Time (min) Flow rate (cm*/min) Atmosphere (N,—NHj3)
1 1300 90 100 95:5

2 1300 60 60 100:0

3 1300 45 20 95:5

4 1200 90 100 95:5

5 1200 60 60 95:5

6 1200 45 20 100:0

7 1100 90 100 100:0

8 1100 60 60 95:5

9 1100 45 20 95:5

Constant parameters: Amount of Na,SiFs = 15 g, Porosity of the preform = 50%.
System total pressure = (15 mbar), Heating and cooling rate = 20 °C/min.
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Fig. 3. a) Thermal analysis of Na,SiFg by DTA/TG, and b) Equilibrium logarithm of the silicon gas species (SiF,) formed from Na,SiFs.

As it can be interpreted from Fig. 3 the only gas species that
presents a high partial pressure is SiF4, due to its high thermal
stability over the temperature range of 600—1300 °C. Although,
increment in temperature results in higher mole production of
SiFh<3 gases in the system, this enhancement is not significant.
Based on data from previous work, the dissociative chemisorption
on silicon is a rational process to enhance reduction of the SiFy
molecules to the more active SiF, and prompt SiF4 volatilization. By
this process SiF4 loses one or more F atoms by attack of Si-Si bond
with strength of the order of 80 kjJ/mol by diffusing F atoms
[23,29-31].

Further, by increasing temperature the possibility of reactions of
SiF4 with Si increases, and therefore the partial pressures of the
other species increase.

SiF4(g) + Si — 2SiFy(g) 4Gq300 = —1001(_]/1‘1‘101 (1)

SiF4(g) + SiFy(g) — 2SiF3(g)

AG1300 = —84kj/m01 (2)

3.2. The condensed-phase distribution at different temperatures

To illustrate more clearly the correlation among the production
of SisN4 and temperature, the conditions of the thermodynamic
stability diagrams are fixed at P = 1 atm. As it can be seen in Fig. 4,
at 1300 °C the condensed phase products include two regions for
the system SiF,—N,-NH3 (n = 0, 1, 2, 3): SisN4+ non-condensed
phase (NCP), SizN4+ Si+(NCP), which vary with the molar ratios
of mixture gases, and include two regions for the system SiF4-NH3-
N>: NCP, NCP + Si3Ny,

By decreasing the temperature in system ‘SiF, (n =0, 1, 2, 3)-Na-
NH; region Il including SisN4 as condensed phase decreases.
However, in the case of SiF,4 as reactant gas, it has an opposite effect.
At the same time, another important feature to be noted is the
region of co-deposition of Si + Si3sN4+NCP and Si3sN4+NCP phase,
which is affected by the reactive gases. By increasing the F:Si ratio
up to 3, the region of Si3N4 increases. The feasibility of these re-
actions can be related to dissociation energy values of SiF,, species
and N and NHj3 as reactive gases. The neutral bond dissociation
energies for SiFy, SiFs, SiF,, and SiF are 6.94, 5.33, 6.75 and 5.64 eV,
respectively [32]. It can be seen that SiF; requires less energy while
SiF4 more energy to dissociate than the other species. Thus, SiF; has
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Fig. 4. Thermodynamic stability diagrams for system of “SiF,-NH3-N,” at 1300 °C,P =1 atm fora)n=4,b)n=3,c)n=2,d)n=1,ande)n = 0.
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Fig. 5. X-ray diffraction patterns for all test specimens in the 26 range 5—55°.

the highest inclination to participate in the chemical reactions in
comparison with the other species. The lower dissociation energy
and higher partial pressure of SiF3 than other species (SiF, < 2) at
1300 °C in the system, makes it the most active participant in the
reaction for SizN4 formation. In comparison to the other species, the
widest area of co-deposition of SisN4 (zone II in Fig. 4b) can be
obtained by utilization of SiFs. By increasing the n value in SiF;, to 4,
due to less reactivity of SiFy4, Si3N4 region would not be as wide as it
is with other species.

3.3. Phase analysis

3.3.1. X-ray diffraction

Results from the analysis by X-ray diffraction of all test speci-
mens (L;—Lg) are shown in Fig. 5 from 5 to 55° 20 degrees for all
identified phases. Depending on the experimental conditions «a-
SisNg (JCPDS Card No. 73—1210) and f-SisNg (JCPDS Card No.
71—-0453) are formed in different proportions. Cristobalite (JCPDS
Card No. 77—1316), tridymite (JCPDS Card No. 75—1544) and silicon
(JCPDS Card No. 27—1402) peaks due to the preform powders are
also detectable. In accordance with the quantitative analysis, the
maximum amount of Si3sN4 is produced under the conditions of
trial L (5% NHj balance N»,100 cm®min~! flow rate, 1300 °C,
90 min) while the minimum amount is achieved in trials Ly 56730
In those trials, the silicon nitride peaks at 26 = 35.33 (210), 20.60
(101), 31.008 (201), could not be detected at 5 wt % and below. It is
quite difficult to determine a low Si3zN4 phase content by any
method, since 5 wt % is close to the detection limit of the
equipment.

3.3.2. IR absorption spectroscopy

Fig. 6 shows IR-absorption spectra of all test specimens (L1—L9)
treated by N, precursor and SiFy (evolved during the decomposi-
tion of Na;SiFg) at different deposited temperatures.

The infrared absorption spectrum of Si3Ny4 in Fig. 6 shows two
broad peaks at about 500 and 1000 cm™ indicating high one-
phonon densities of states in these frequency regions [23]. These
peaks are most observed in the spectrum of the samples treated
under L1,2,3,4 conditions using N3:NH3 source at elevated

bg
1 a
i a SiH
H L9 b,f Si-N
¥ g.d.ec Si-0

3

L

c

o}

®

2

£

(2]

c

&

| -

00 i\ E

500 1000 2000
Wavelength (Cm-1)

Fig. 6. FT-IR spectrum corresponding to specimens tested under conditions L1-L9. The
seven peaks identified are marked from a to g in the spectra.

temperature (1200 and 1300 °C). The bands from 465 cm™! to
485 cm~! belong to bending vibration of crystalline SiOs. Also, the
bands from 1090 cm~! to 1100 cm~! and from 620 cm™' to
815 cm™~! belong to O-Si-O stretching vibrations. In addition, a new
peak centered at 800 cm™~! corresponding to amorphous SiO; is
observed in the spectrum of the sample [33]. The absorption due to
Si-H (line a in the spectra) bonds which has been reported to occur
around 2000—2400 cm ™! [23] is seen in the samples treated under
N,-NHs. This can probably be related to reaction of silicon based
species with hydrogen produced from decomposition of ammonia
and impurity of gas supplier (the gases contain H,0 (g) (<5 ppm))
in higher temperature.

3.4. Microstructural evolution

In sections 3.4.1 and 3.4.2 are discussed two mechanisms that
take place in the formation of SizNy.

3.4.1. Solid-gas reactions

There are three possible reaction routes that can be responsible
for formation of SisN,4 through solid-gas reactions:

The first possible reaction is:
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Fig. 7. SEM micrographs showing Si3N, deposited at: a) 1100 °C, N,-NH3: 20 cm3/min, 60 min, b) 1100 °C, N>-NH3: 20 cm?/min, 90 min, ¢) 1200 °C, N,-NH3: 20 cm?/min, 60 min,

and d) 1200 °C, N,-NHs: 20 cm®/min, 90 min.

aSiFn (g) + bNH3 (g) + cN2(g) = dSi3N4 (s) + nHF (g) + fH2 (g)

(a, b, ¢, d, n, f are stoichiometric coefficients)

The second possible set of reactions:
Si (s) + O2 (g) = SiO (g) + 0.503 (g
Si(s)+ H20 (g) = Si0 (g) + Ha (g)

SiO (g) + 0.66NH3 (g) + 0.33N2 (g)
0.33Si3N4 (s) + H20 (g) 4H (1300 °C)
= — 382.0 kJ/mol

And the third possible reaction:

3Si(g) + 2N,(g) = Si3Ny4 (s)— 4H (1300 °C)
= —722.0 kJ/mol

Based on thermodynamic predictions, during nitridation, below
direct nitridation of solid silicon (<1250 °C) two parallel reactions
occur, one involving the nitridation of SiF, species (reaction (3)),
and the other, the nitridation of volatilized silicon and SiO (g (re-
actions (4)—(7)). As it can be seen in Fig. 7a the fine needles type of
nucleation of Si3N4 starts at 1100 °C. By increasing temperature to

4H (1300°C) = —557.3 kJ/mol (3)

Fig. 8. SEM micrographs showing SisN4 deposited at = 1300 °C and t = 90 min under
gas flow rate of: a) 100 cm>?/min, b) 80 cm?/min, ¢) 60 cm?/min, and d) 20 cm?/min
N3:NHs.
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Fig. 9. a) Thermal analysis of silicon by DTA/TG and b) SEM photomicrograph showing SisN, deposited at 1200 °C, under flow rate of N, of 60 cm?/min for 90 min.

1200 °C silicon nitride is obtained with a wool structure including
fine and long fibers (Fig. 7c). With increase in reaction time, SizNy4 is
obtained with a larger size of fibers and as more compact deposits,
especially for samples treated at higher temperature (see Fig. 7(b)
and (d)).

At temperature, higher than 1250 °C, direct nitridation (DN) of
solid silicon is started. Due to formation of silicon nitride by nitri-
dation of SiF; at lower temperature (<1300 °C) and also to the more
negative Gibbs free energy change of formation of Si3N4 by gas
phase reaction (reactions (8) and (9)), in comparison to DN of solid
silicon (reaction (10)), it is more likely that the gas phase reaction is
the leading occurring mechanism.

SiF4(g) + SiF3(g) + SiF2(g) + SiF(g) + Si(g> + 6.6NH3(g)
1.66Si3N,4 + 10HF(g) + 5H2<g) AGq300:c = —84321(_[/m01

(8)
SiF4(g) + SiF3(g) + SiFZ(g) + SiF<g) + Si(g> + NZ(g)
+ 46NH3(g> — 1.66Si3Ny4 + 10HF(g) + 2H2(g) AG1300-C
— _584.6k]/mol (9)
3Si(s) + 2N, (g) —>Si3N4 (s) AG13000C = —l54.61<]/mol (10)

Fig. 8 shows scanning electron micrographs of the surface
morphology of Si3N4 coatings deposited at temperature of 1300 °C
under various gas flow rates of N»:NHs3 [27]. A comparison between
average amounts of obtained Si3N4 at 1300 °C and 1100—1200 °C by
semi-quantitative analysis (XRD) reveals higher formation of sili-
con nitride at higher process temperatures. Short incubation period
of formed Si3N4 by direct nitridation of intentionally added silicon
at 1300 °C (further discussed in text below) follows a rapid for-
mation and growth of the new phase of SizsN4 formed via gas phase
reactions of the SiFx species with the nitrogen precursor. As it can
be seen in Fig. 8 by increasing the N;:NH3 flow rate from 20 to
100 cm?/min due to augment of the concentration of reactant, the
shape of the formed Si3zN4 becomes more clearly defined.

As it was mentioned before, thermodynamics shows that SizNy

Fig. 10. SEM micrograph illustrating the growth stages of SizN4 dendrites at 1300 °C.

phase can be obtained by reaction of solid Si with nitrogen at
temperature lower than 1250 °C. Fig. 9(a) presents the thermo-
grams (TGA—DTA curves) of a silicon sample. The TGA curve shows
just one stage of gain weight (B stage). At B stage (1150—1300 °C,
gain weight = 10%), one exothermic peak at 1247 °C in the DTA
curve, which comes from the nitridation of Si was observed.
Therefore, at temperatures higher than 1247 °C the direct nitrida-
tion of silicon, besides the vapor phase reaction is expected.
Fig. 9(b) shows that Si particles remained intact at temperature less
than 1250 °C.

The highly exothermic reaction between SiF;, species and NHz at
higher temperature and gas flow rate induces large supersaturation
of Si atoms and the active nitrogen atoms on the surface of small
primary SizNg4. This is due to the fact that by increase in gas flow
rate, the concentration of reactants increases (higher supersatura-
tion), accordingly. At flow rates of 20 and 60 cm?/min due to low
supersaturation, just fine long fibers in their particular orientations
can be observed. However, as the supersaturation is increased, the
nucleation rate of other orientations becomes sufficiently greater
than those under lower gas flow rates. Therefore, it causes fast
alteration into rod-like Si3N4 crystals, i.e. the initial SizN4 stem on
the primary SisN4. As long as these growing parameters are satis-
fied at the tip of the stem, the stems grow.

The observed dendrite structure usually results from rapid
crystallization at large supersaturation stages [34]. The alternate
aggregation and consumption of reactant atoms at the front of the
growth interface give rise to the fluctuation of supersaturation
around the stems, and further to the formation of bulges on the
surface of stems. The bulges are generated preferentially at the sites
with higher supersaturation. It is known that latent heat is released
more quickly at these tips [35], resulting in a higher temperature at
the growth front, the rapid reaction of Si and N atoms, the higher
growth rate at the tips, and finally the formation of Si3N4 dendrites
(see Fig. 10).

By increasing temperature, the interaction between N,-NHs and
SiF;, is not the only dominant reaction. Based on the literature it
should be noted that at ~1300 °C, the fastest nitridation rate can
readily account for the reaction of evaporated silicon with nitrogen
[36]. The silicon present in the substrate that partially is converted
to the gas phase, not only increases the partial pressure of SiF, and
SiF3 reactive gases through reactions of (1) and (2) in the system,
but also interacts with oxygen present in the system. The formation
of silicon nitride by the help of oxygen is well documented [37,38].
The presence of trivial amounts of oxygen or water in the system
can have a dramatic effect on increasing the weight percentage of
silicon nitride phase in the final product.

It was reported that the presence of H,O and oxygen can
accelerate formation of silicon nitride by generation of SiO that it is
confirmed by weight loss of silicon during thermogravimetric
analysis tests and by the presence of small amount of these gases
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Fig. 11. SEM micrographs showing SisN, deposited at a) and b) 1100 °C, N,-NH3: 60 cm®/min, 45 min, and c) 1100 °C, N5:60 cm?/min, 45 min.

[39]. The nitridation of SiO and SiF4 can also be assisted by the
parallel formation of Hy, released from dissociation of H0.

3.4.2. Vapor liquid solid (VLS) mechanism

In this mechanism, small liquid droplets do act as preferred sites
for whisker growth and SisN4 growth can be induced by catalysts
originated from metallic impurities in rice husk. Upon heating, the
catalysts decompose, and the metallic silicides in the form of liquid
eutectic droplets are formed which can dissolve the reactant gases
until reaching a supersaturated state. From EDS analysis of the
bright part, the presence of iron impurity and silicon were
confirmed. Fe;03 is easily reduced under low hydrogen partial
pressure to the metal, which in turn yields the liquid silicides at the
nitridation temperature [40]. Thanks to the ability of Fe in reducing
the melting temperature of silicon up to 200 °C, Fe-Si alloy (with
low melting point) as the catalyst can impose one dimensional
anisotropic growth. Due to the low solubility of nitrogen in the
liquid phase (Fe-Si) that is confirmed by EDS result, nitridation of
silicon must occur at the solid-liquid interface to lengthen the
needle. As it can be seen from Fig. 11, a small amount of very fine
whiskers of Si3sN4 was observed at 1100 °C due to closeness of this
temperature to the lowest eutectic temperature of the Fe-Si system.
As it can be observed in Fig. 11(a), (b) and (c), due to the higher
reactivity of NH3 than that of Ny, the diameter of whiskers in the
presence of Ny is smaller than in the mixture N»-NH3 N is ther-
mally and chemically more stable than ammonia, which explains
its difficult dissociation to lower molecular weight species (ioni-
zation potentials for N, and NH3 are 15.576 and 10.2 eV, respec-
tively) [41]. Also, the ease of dissociation of NH3 may be related to

the low strength N-H bond (1315 k] mol~!) if compared with the N-
N bond (3977 k] mol~!) at 25 °C, which make NH3 a more suitable
precursor than N in system [42].

After nucleation of thin whiskers by a VLS mechanism, direct
reaction of SiF; species and NH3-N; mixture on the surface of the
whiskers could be counted as a second stage to thicken the whis-
kers. The thinner stem of whiskers in Fig. 11(c) shows that the rate
of the second stage is low in the presence of Ny,

Due to the high surface reactivity and absorptivity of the stem,
Fe atoms in the vicinity around the whiskers can be absorbed on the
surface and play the role of new nucleation centers to develop new
whiskers on the side of the original one, leading to the formation of
Si3N4 branches. Fig. 11(b) shows the morphology of the tip from
which another whisker has grown. The whiskers grown secondarily
from the droplet are formed by a bottom VLS mechanism. Besides
multi-ball-like droplets were observed in Fig. 11(b); this kind of
structures were rarely observed on the tip.

3.5. Optimization of process parameter

With the aim of determining the percent contribution of each of
the parameters tested to the variability in the amount of SizNg
formed, an analysis of variance (ANOVA) was performed. As shown
in Table 2, results from the ANOVA reveal that the parameter that
most significantly influences the variability in the amount of
deposited phase is processing temperature, followed by type of gas
and processing time, with relative contributions of 59, 21 and 12%,
respectively. The percent contribution due to the error term pro-
vides an estimate of the adequacy of the experiment. In this case,
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Table 2

ANOVA table for weight percentage of SizNy.
Column Factor F sP Ve pd
1 Temperature (A) 2 80.2 40.32 59
2 Time (B) 2 16.1 8.05 12
3 Type of gas (C) 2 28.5 14.285 21
4 Gas flow rate (D) 1 8.06 4.44 6
5 Error 10 1.035 0.0325 2

Total 17 134.36 100

2 Degrees of freedom: DOF.
b Sum of squares.

¢ Variance.

d Percentage contribution.

the low magnitude of the error term (2%) suggests that no impor-
tant factors were omitted in the design of the experiment, and that
no measurement errors were insignificant.

Fig. 12 shows the main effects of the level average responses for
parameters on SizN4 formation. It can be concluded that according
to the maximizing criterion that ‘the larger the better’, A;B;C{D; are
the best conditions for maximum amount of SizsN4. Therefore, the
optimum conditions to promote and maximize the selective for-
mation of SizN4 are as follows: 1300 °C for 90 min and N,-5% NH3 as
nitrogen precursor at a gas flow rate of 100 cm?/min, as shown in
Table 2.

Cracks in preforms and non-uniformity of particles can be
generated during preform fabrication and/or infiltration process.
Therefore, the preforms should be made sound and without any
cracks to the extent possible. Fig. 13 shows the three-dimensional
image of RHA preforms before and after CVI process. As a rule,
materials possessing higher density (p) or high atomic number (Z)
tend to better absorb X-rays. The relationship is best expressed in
the formula for X-ray absorption coefficient (u):

_nzt
where A is the atomic mass and E is the X-ray energy. The strong
relationship between absorption and atomic number is of signifi-
cant importance in many materials characterization and clinical
applications. The Z* factor allows for contrast levels of several or-
ders of magnitude between different materials [43—45].

As it can be observed from Fig. 13(a), the preform is crack free
and the porosities are distributed uniformly through the preform.
Fig. 13(b) illustrates the preform after CVI process. Due to higher

density and molecular weight of Si3Ng4, the preform appears in
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Fig. 12. Graph of the main effects of the level average responses for process param-
eters on SisNy4 formation.
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Fig. 13. A 3D tomographic image of RHA preforms, a) before, and b) after CVI process.

lighter shade in comparison to the preform before CVI process
(Fig. 13(Q)). The bright spots in Fig. 13(b) could correspond to the
agglomeration of Si3Ny fibers in the spaces between RHA particles.
No defects in the scale of higher than 5 mm, such as microcracks are
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found in the inner structure of the preform.

3.6. Wettability behavior of RHA, RHA/Si3N4 and SisN4 substrates

Graphs of contact angle changes with time at 900 and 1200 °C
are shown in Fig. 14. The curves in Fig. 14(a, b and c¢) show three
ranges of behavior. In the first range, the contact angle is constant.
This range of contact angle is typical in aluminum droplets which

thermodynamically formation of MgO and MgAl,O4 is more
favorable under nitrogen atmosphere due to the lower Gibbs en-
ergy compared to argon.

3Mg () + Na(g) = MgsN (g) 4G’ (1200 °C)
= —147 kJ/mol (15)

are covered with a thin alumina film preventing a real contact MgsN2 (8) +1.502(g) = 3MgO(s) + Na(g) 4G7(1200°C)
between the molten aluminum and ceramic substrates [46]. In the = —117kJ/mol

second part of the curves, dramatic decrease in contact angle were (16)
observed. As it is clear from Fig. 14, due to melting of the alloys

there is a sharp increment in the diameter of droplet in all the

MgsN; (g) + 60, (g) + 6Al (1) = 3MgAlL,04(s) + Ny(g) 4G°(1200°C) = —4939 kJ/mol (17)

conditions in comparison to the primary size of alloy droplet, but
depends on the chemical composition of the alloy and substrate
and the presence of the obstructions of the cracks and small cavities
in the substrate, this gradient can be soft or sharp. In the third part
of the curves the droplet size, contact angle and work of adhesion
remain constant.

In Al-SiO; system, a gradual decrease in the contact angles was
observed as temperature increases and no sharp transition from
non-wetting (6 = 90°) to wetting behavior was observed at T = 900
and 1200 °C under nitrogen atmosphere. At 900 °C, the angle
changed continuously until it reached to constant degree after
10—15 min. However, at 1200 °C, the contact angle remains con-
stant immediately without any interval time. The contact angle is
still non-wettable under Ar atmosphere at temperature of 900 °C.
The decrease in contact angle indicates that the progress in
wettability between Al and SiO; substrate can occur in the presence
of both Mg and N. Saravanan et al. [47], reported that the surface
tension of Al in N, was greatly reduced compared to the values
obtained in Ar at temperatures higher than 850 °C, but this effect
was still too weak to improve the wettability unless enhanced by
alloying additions. By alloying the aluminum, the free energy of the
solid contact with a liquid -Ag® increases due to formation of
interfacial reaction of MgAIl,04, MgO (reaction (12)—(14)) that helps
to improve the wettability.

2Mg(l) + SiO, (s) = 2MgO (s) + Si(s) 4G° (1200 °C)

= —267 kJ/mol
(12)

Mg (1) + 2Si0; (s) + 2Al(I) = MgAlL,04 (s)

+ 2Si(s) 4G° (1200 °C)

= —379 kJ/mol (13)
2MgO (s) + 3Si0y(s) +4Al (I) = 2MgAl,04(s)

+ 3Si(s) 4G° (1200 °C)

— —466 k] /mol (14)

The difference of contact angles at 1200 °C under two different
atmospheres, can be explained by this scenario that in the nitrogen
atmosphere in addition to abovementioned reactions, the MgO and
MgAl,O4 phases are created by the reaction of MgsN, (reaction
(15)) with oxygen. As it can be seen from reaction (16) and (17),

In Al-Si3Ng4, in comparison to Al-SiO, system a dramatic
decrease in the contact angles was observed as temperature in-
creases and sharp transition from non-wetting (6 = 90°) to wetting
behavior was observed at T = 900 °C, under nitrogen atmosphere
and T = 1200 °C for all experimental levels. It shows the time in-
dependence of the contact angle for wetting in SizN4 particulates
with liquid aluminum alloys in an isothermal part. This improve-
ment in the wetting in comparison to silica system can be due to
formation of AIN. Good bonding between the AIN and Al has been
reported in various investigations [48,49].

Formation of AIN depends on a direct nitridation of aluminum
(reaction (18)) or two-step reaction: reaction of Mg and N to form
Mg3N, and then formation of AIN by reaction of MgsN, and Al
(reaction (15) and (19)). The lower Gibbs free energy summation of
reactions (15) and (19) with value of —346 kJ/mol shows that
magnesium nitride helps in promoting formation of AIN [49,50]:

2Al1 () +Ny(g) = 2AIN (s) 4G° (1200°C) = — 312 kJ/mol
(18)

MgsN, (g) + 2Al (1) = 2AIN (s) + 3Mg ()
—199 kJ/mol

4G® (1200 °C)

(19)

By CVD coating of silica, a significant reduction in the contact
angles was observed with increasing temperature. A sudden
decrease in contact angle from non-wetting (6 > 90°) to wetting
behavior was observed at 1200 °C under nitrogen atmosphere for
alloy with high Mg content. The improvement of contact angle in
comparison to SiO,/Al alloy system shows that the coatings applied
to silica improved its wettability by aluminum alloy.

4. Conclusions

Based on the results and discussion, within the framework of
the experimental design, in the range of parameters and levels
established for this study, it can be concluded that:

1. Results from the analysis of variance (ANOVA) show that the
parameter that most significantly impacts the variability in the
total amount of Si3N4 deposited, is processing temperature (59%
contribution), followed by the type of gas (21%), processing time
(12%) and finally, gas flow rate (6%).
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. The optimal processing parameters to maximize the amount of

silicon nitride deposited on RHA are: at 1300 °C for 90 min, in
N»- 5% NH3 at a flow rate of 100 cm>/min.

. The morphology of SisN4 depends significantly upon reaction

conditions, being temperature the parameter that plays the
main role. In the presence of nitrogen, the morphology of the
products ranges from fine, wool-like fibers and spongy deposits
to more compact deposits.

. Below 1300 °C, regardless the amount of SiF, and N»-5% NHj3

and time, Si3N4 particles and dendrites can hardly be obtained
except with the morphology of fine fibers or wool like shape.

. At 1300 °C, the nucleation and growth of Si3N4 increases. At the

lower test temperatures, fewer SisNg nuclei are generated
possibly due to the lower reaction rate. Moreover, at 1300 °C
direct nitridation also operates, resulting in the creation of pri-
mary nuclei of Si3sN4. As long as supersaturation of the gas sur-
rounding the nuclei and temperature are high enough, the
growth of dendrites is promoted mainly because of the
exothermic reaction for SizN4 formation.

. The minimum contact angles obtained with high Mg content in

alloy at 1200 °C and nitrogen atmosphere in SizNg4, SiO, and
SisN4-coated RHA substrates, are 30°, 72° and 35°, respectively,
suggesting the beneficial effect of coating RHA with SisN4 by
HYSY-CVL
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