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Abstract
Rice industrialization worldwide generates significant amounts of rice husk as a by-product. When rice husk is burned 
to obtain energy, a relatively common practice, a substantial portion of the husk turns into ash, and both constitute 
environmental liabilities. Using rice husk and ash as starting materials to produce high-value products could help in miti-
gating the environmental impact while providing economic revenue. Rice husk and rice husk ash as produced in a local 
cogeneration plant without any pretreatments were evaluated as feasible sources for silicon nitride  (Si3N4) and silicon 
oxynitride  (Si2N2O) whiskers by carbothermal reduction and nitridation. Rice husk and the ash were held at temperatures 
between 1200 and 1400 °C for 3 h under flowing nitrogen. Increasing soaking temperature values led to higher whisker 
development for both starting materials, with the best results observed at 1400 °C. Whereas α-silicon nitride whiskers 
were obtained when rice husk was employed, the graphite surface-to-ash ratio dictated whisker composition for the ash. 
Treatment of the ash at the soaking temperature value of 1400 °C led to silicon oxynitride for lower graphite surface-to-
ash ratios, but when this ratio was increased, α-silicon nitride predominated. α-silicon nitride whiskers had cross sections 
ranging from about 100 nm to 1 µm in width, whereas the silicon oxynitride whiskers had cross sections ranging from 
approx. 100 to 500 nm in diameter. Both types of whiskers were observed to be in the millimeter length range.

Keywords Rice husk · Rice husk ash · Silicon nitride · Silicon oxynitride · Whiskers · Carbothermal reduction and 
nitridation

1 Introduction

Rice husk accounts for nearly 20% of the weight of paddy 
grain and is the main waste associated with the rice mill 
industry. Rice husk usually contains close to 80% organic 
matter: 35% cellulose, 25% hemicellulose, and 20% lignin 
approximately. The inorganic fraction, mainly silica, 
accounts for roughly 20% of the husk mass [1]. Hence, 
when rice husk is burned, usually to generate energy, large 
amounts of ash are produced.

One option to mitigate the environmental impact of 
the waste disposal and at the same time add value to the 
husk and the ash could be found by using these to pro-
duce high-value ceramic materials. Rice husk and rice husk 
ash can be used as an alternative source of silica in both 

traditional and advanced ceramics [2–5]. The intimate con-
tact of silica and carbon found in rice husk and rice husk 
ash makes these residues promising for the synthesis of 
various products. Under suitable conditions, carbothermal 
reduction of silica leads to silicon carbide (SiC) [6–8], while 
carbothermal reduction of silica followed by nitridation 
results in silicon nitride [7], and some reports indicate sili-
con oxynitride as well [9].

Silicon nitride is an insulator with covalent bonding [6]. 
It has high mechanical strength even at elevated tempera-
tures, high-temperature corrosion and superior thermal 
shock resistance, and high toughness when compared to 
other ceramic materials [7]. It is used in refractories, as well 
as in cutting tools and bearings, and it is added as whiskers 
to reinforce metals and ceramic matrixes [10].
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Silicon nitride occurs mainly in two hexagonal close-
packed structures, a trigonal α-form stable at lower tem-
peratures, and a hexagonal β-form observed at higher 
temperatures. Both the α- and β-phases are formed by 
slightly distorted  SiN4 tetrahedra sharing nitrogen atoms 
at the corners, but they differ in their stacking sequence. 
α-silicon nitride is typically preferred as the starting mate-
rial for sintered parts because of its higher solubility in 
the liquid phase formed by the additives used to promote 
densification [7].

Silicon oxynitride also presents a fair degree of covalent 
bonding and is a refractory material with high chemical 
and oxidation resistance. Its rhombohedral crystalline 
structure is formed by  SiN3O tetrahedra sharing all cor-
ners, connected through oxygen atoms along the c axis, 
and by nitrogen atoms in the perpendicular directions [8].

Whiskers, single-crystal-like fibers with diameters in the 
micrometer range and high aspect ratios, have fewer flaws 
due to their small size and the absence of high-angle grain 
boundaries. As a result, they can exhibit strengths close 
to theoretical values. Ceramic whiskers may be added to 
metal matrixes to enhance their strength, and to ceramic 
matrixes for strengthening and toughening purposes [10].

There are different works on the synthesis of silicon 
carbide starting from rice husk, pyrolyzed rice husk, or 
rice husk ash prepared under laboratory conditions [10]. 
Works focusing on silicon nitride and silicon oxynitride 
production are less frequent, and in most cases, rice husk 
pretreatments were usually employed, where grinding 
[11], pyrolysis [12], digestion in acid solutions [13], and 
other similar methods [9, 10, 12, 14–24] have been used. 
Pretreatments pose a burden and additional costs to an 
industrial operation.

There are even fewer references reporting the use of 
rice husk ash coming from an industrial combustion pro-
cess [25, 26]. The conditions used in the industrial com-
bustion process regulate important ash parameters, such 
as carbon-to-silica content ratio, specific surface area, 
and silica crystallinity [1], and some variability should be 
expected among the ashes produced in different cogen-
eration plants.

Carbothermal reduction requires a carbon source and a 
metal oxide, while high temperatures are needed to move 
along the overall process to completion. Higher tempera-
ture values promote some of the key forward reactions 
due to their high endothermic natures [7], while at the 
same time, the formation of some important gaseous 
intermediaries is fostered as well.

The carbothermal reduction and nitridation reactions to 
produce silicon nitride and silicon oxynitride indicate that 
the stoichiometric carbon-to-silica molar ratio for silicon 
nitride is 2, whereas for silicon oxynitride is 1.5 (see Eqs. 1 
and 2):

This work aimed to evaluate the feasibility and the best 
experimental setup to produce silicon nitride and silicon 
oxynitride whiskers through carbothermal reduction and 
nitridation of as-received rice husk and rice husk ash com-
ing from a local cogeneration plant without pretreatments 
or additions. The carbon source needed to react with the 
silica in both starting materials was provided only by the 
organic matter already present in the husk and the ash, 
with no extra carbon added as a reactant.

The dry-basis loss on ignition (LOI) for the industrial rice 
husk ash used was found to be 10.2%. This value, although 
significantly lower than that of the husk, still makes a par-
tial carbothermal reduction seem feasible since the car-
bon-to-silica molar ratio can be roughly estimated to be 
around a value of 0.6, assuming the inorganic material to 
be silica and the LOI as carbon.

2  Experimental procedure

Rice husk from mills located in the eastern portion of 
Uruguay and rice husk ash produced by a local cogenera-
tion plant that operates burning husk were used as start-
ing materials. After drying to constant weight at 105 °C, 
particle-size distributions were determined for the husk 
and the ash, and LOI tests were conducted on both start-
ing materials. X-ray fluorescence (XRF) and wet-chemical 
analysis were conducted on LOI-test residues to assess 
elemental chemical composition.

For carbothermal reduction and nitridation, samples 
were loaded in graphite (ELLOR®, density = 1.9 g/cm3) and 
alumina (99.8% aluminum oxide) crucibles with lids in 
various configurations and introduced in the furnace. The 
system was then evacuated to 1 Pa, and  N2 gas (min. 99.9% 
 N2) was allowed to flow at 0.2 L/min for all the runs while 
heating and cooling. The furnace was ramped at 6 °C/min 
to the selected temperature of the run, soaked for 180 min, 
and then allowed to cool at 5 °C/min to 200 °C, followed 
by furnace cooling. The samples were soaked at 1200 °C, 
1250 °C, 1320 °C, and 1400 °C in graphite crucibles. Other 
crucible configurations, varying the crucible material and 
the lid setup, were tested at 1400 °C.

The starting materials and products were character-
ized by scanning electron microscopy (SEM—JEOL JSM-
5900LV) fitted with energy-dispersive X-ray spectroscopy 
(EDS). Standard θ − 2θ X-ray diffraction (XRD—Philips 
PW180—30 kV—40 mA, Cu Kα radiation λ = 1.5406 Å) pat-
tern analysis was conducted on the starting materials and 

(1)3SiO
2(S) + 6C(s) + 2N

2(g) ↔ Si
3
N
4(s) + 6CO(g)

(2)2SiO
2(g) + 3C(s) + N

2(g) ↔ Si
2
N
2
O(s) + 3CO(g)
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on the whiskers found to be deposited on the crucible sur-
faces after the furnace runs.

Fourier transformed infrared spectroscopy (FTIR—Shi-
madzu IRAffinity-1S) was used on both raw materials and 
on the whiskers deposited on the crucible surfaces after 
the furnace runs. Pellets formed using KBr with dry rice 
husk and ash were analyzed by a transmission technique, 
while attenuated total reflection was used on the whiskers 
produced after the furnace runs.

3  Results and discussion

3.1  Rice husk and rice husk ash characterization

The as-received rice husk ash, although more fragmented, 
retains somewhat a similar structure to the one found in 
the husk, and some insufficiently burned husk portions 
can be observed in the ash as well (see Fig. 1). The granu-
lometric analysis revealed that the starting materials mean 
particle size was 1.4 mm for the husk and 0.25 mm for the 
ash.

XRD and FTIR patterns of the starting materials are 
shown in Fig.  2. Both XRD patterns exhibit a peak at 
2θ = 22° indicating the presence of relatively amorphous 
cristobalite, where a sharper peak can be observed in the 
industrial ash suggesting that the silica present in the ash 
could have a higher degree of crystallinity when com-
pared to the husk. Also, an incipient peak corresponding 

to cristobalite can be observed in the ash at 2θ = 36.5° that 
it is not present in the husk (see Fig. 2).

The FTIR spectrum for rice husk (see Fig. 2) exhibits 
bands consistent with the presence of organic matter—
cellulose, hemicellulose, and lignin—together with the 
presence of silica as well. The 3700–3000 cm−1 broad IR 
band suggests the presence of hydroxyl groups, while 
the 3000–2800 cm−1 band is consistent with methylene 
functional groups, and other lower frequency bands are 
probably due to carboxylic, aromatic double bonds, and 
methylene groups [27].

The IR bands centered at 1100 cm−1, 790 cm−1, 617 cm−1, 
and 470 cm−1 can be attributed to the presence of silica 
[28]. Upon inspection, the rice husk ash spectrum indicates 
that inorganic components are more predominant when 
compared to the spectrum of the husk (see Fig. 2).

The elemental chemical analysis for rice husk and the 
industrial ash is presented in Table 1.

If the LOI is taken to be cellulose for the husk and car-
bon for the ash, the carbon-to-silica molar ratios can be 
estimated as 9.1 for the husk and 0.6 for the ash. However, 
the organic matter in rice husk is partially lost upon heat-
ing since carbothermal reduction and nitridation reac-
tions do not truly begin with appreciable rates up to high 
temperatures; thus, the carbon-to-silica ratio for the husk 
under reaction conditions should be different from the 
initial ratio of 9.1.

To estimate the actual carbon-to-silica ratio when the 
process reactions in the furnace begin to take place, rice 

Fig. 1  SEM SE images of the as-received rice husk and rice husk ash
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husk was ramped up to 1200 °C under the same conditions 
as the experimental runs and immediately cooled down 
without allowing the samples to remain at the soaking 
step. No observable carbothermal reaction was apparent 
after this run; however, the husk was partially pyrolyzed as 
a result. The dry-basis LOI of the leftover pyrolyzed mate-
rial was found to be 47%, which is comparatively lower 
than the starting value of 79.8%.

If all the inorganic material remaining after this test 
run is assumed to be silica and the LOI due to carbon, the 
effective carbon-to-silica molar ratio in the husk can be 
now estimated to be 4.4, indicating that a fair excess of 
carbon in the husk remains up to 1200 °C, and this value is 
still substantially higher than the effective carbon-to-silica 
ratio value of 0.6 found in the ash.

3.2  Soaking temperature

3.2.1  Rice husk

Carbothermal reduction and nitridation of the husk at a 
soaking temperature value of 1200 °C produced almost 
no whiskers. A more substantial whisker development was 
observed for the run at 1250 °C, while the material left at 

the bottom of the crucible appeared to be significantly 
more pyrolyzed. The whiskers were found almost entirely 
deposited on the crucible and lid internal surfaces rather 
than on the residue leftover from the starting material (see 
Fig. 3).

Under increasing soaking temperature values, i.e., 
1320 °C and 1400 °C, more whiskers developed, and while 
whisker growth was chiefly found on the crucible walls 
and lids, some growth was also observed on the mate-
rial residue left at the bottom of the crucible. Moreover, 
a significant increase in both length and diameter of the 
whiskers resulted in the run at 1400 °C, suggesting that 
a full-fledged reaction had taken place under the latter 
conditions (see Figs. 3, 4, 5).

The silicon nitride whiskers obtained had lengths in the 
millimeter range with cross sections ranging from about 
100 nm up to 1 µm for the different runs (see Figs. 4, 5). 
While the more developed whiskers exhibited square or 
rectangular cross sections fitting to their crystal structure, 
the finer ones seemed to be rounder in shape, although 
their small size prevents better definition.

The FTIR spectra (see Fig. 6) of the whiskers deposited 
on the crucibles at 1250 °C, 1320 °C, and 1400 °C exhibit 
the typical IR bands—922  cm−1, 901  cm−1, 882  cm−1, 

Fig. 2  XRD and FTIR patterns of the as-received rice husk and rice husk ash

Table 1  Assayed elemental 
chemical compositions of 
the as-received rice husk and 
industrial ash

Composition (wt%) LOI SiO2 K2O CaO Fe2O3 P2O5 MnO2 Na2O

Rice husk 79.8 19.3 0.31 0.15 0.02 0.24 0.07 0.02
Industrial ash 10.2 86.1 0.99 0.77 0.09 0.91 0.40 0.13
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Fig. 3  Optical micrographs of rice husk runs in graphite crucibles at 1200 °C, 1250 °C, and 1400 °C

Fig. 4  SEM SE micrographs of silicon nitride whiskers obtained from rice husk in graphite crucibles at 1320 °C



Vol:.(1234567890)

Research Article SN Applied Sciences (2021) 3:268 | https://doi.org/10.1007/s42452-021-04307-y

840 cm−1, and 683 cm−1—compatible with the presence of 
α-Si3N4 [29]. However, a better developed and more closely 
resembling pattern can be observed for the run at 1400 °C. 
No characteristic nitride or oxynitride IR bands could be 
observed in the rather small amount of the whisker-like 
material found for the furnace run at 1200 °C (see Fig. 6).

The XRD patterns of the whisker deposits indicate the 
presence of α-Si3N4 on the crucible when the husk was 
treated at 1400 °C, with peaks at 2θ = 31.1°, 34.6°, 35.2°, 
and 39.2° (see Fig. 6) [30]. For the intermediate tempera-
tures, 1250 °C and 1320 °C, only some incipient peaks are 
insinuated for the run at 1320 °C, suggesting similarly to 

Fig. 5  SEM SE images of α-Si3N4 whiskers developed from rice husk in graphite crucibles at 1400 °C. A 120° angle can be observed for the 
change in the direction for the crystal growth following suit to the α-Si3N4 trigonal crystal system

Fig. 6  FTIR spectra and XRD patterns of whiskers deposited on graphite crucibles for rice husk runs at increasing soaking temperature val-
ues. The FTIR spectrum of the as-was crucible was included for comparison purposes
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the FTIR spectra of these two runs, that the better results 
are achieved at the higher temperature value tested.

The results obtained here are in agreement with those 
found elsewhere [11, 23], although the methodology of 
the present work did not include rice husk pretreatments.

3.2.2  Rice husk ash

While no discernible whiskers were observed to develop 
when the industrial ash was held at the soaking tem-
perature value of 1200 °C, a small amount of whiskers 
was obtained on the graphite crucible and lid surfaces 
at 1250 °C. The crucible inner surfaces were covered by 
a layer of white whiskers for the run at 1320 °C, while for 
the run at 1400 °C there was a marked development of 
whiskers on the crucible graphite surfaces, as well as some 
whisker growth on the residual material leftover in the 
bottom of the crucible (see Fig. 7).

Once again, a more vigorous reaction appeared to have 
taken place for the latter condition, although whisker 
growth was comparatively smaller than the one observed 
for the husk. The whiskers obtained had diameters ranging 
from about 100 to 500 nm and lengths in the millimeter 
range (see Fig. 8); however, these were somewhat shorter 
than the α-silicon nitride whiskers obtained from the husk 
at the same temperature.

For the run at 1400 °C, the FTIR spectrum of the whisk-
ers deposited on the graphite crucible and lid surfaces 
exhibits the characteristic IR bands—1070 cm−1, 982 cm−1, 
938  cm−1, 893  cm−1, and 677  cm−1—compatible with 
the presence of  Si2N2O (see Fig. 9) [31]. It has been pre-
viously reported [25] that an oxynitride derivative was 
obtained from an industrial rice husk ash-derived material, 
although the final product described significantly differed 
from  Si2N2O due to important compositional differences 
between the starting materials employed.

For the runs at 1320 °C and 1250 °C, some of the  Si2N2O 
characteristic IR bands—primarily 1070 cm−1, 982 cm−1, 
and 893 cm−1—can also be observed in the FTIR spectra 
of the whiskers, although these spectra do not completely 
resemble that of pure and stoichiometric  Si2N2O. This may 
suggest that the whisker deposits obtained at interme-
diate temperature values may be somewhat chemically 
different from fully stoichiometric silicon oxynitride. Par-
ticularly, the much higher intensity of the 1070 cm−1 band 
for the runs at 1250 °C and 1320 °C, when compared to the 
one observed for the run at 1400 °C, may suggest that the 
compounds obtained at the intermediate temperatures 
might be oxygen rich since this frequency can be associ-
ated with the presence of Si−O bonds.

The XRD diffractograms were consistent with the FTIR 
spectra obtained (see Fig. 9). For 1400 °C, the XRD results 

Fig. 7  Optical micrographs of rice husk ash runs in graphite crucibles at 1200 °C, 1250 °C, and 1400 °C
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confirmed the development of  Si2N2O whiskers on the 
crucible with characteristic peaks at 2θ = 19.1°, 20.1°, 
32.7°, 34.5°, 37.1°, and 37.7° [32], while the XRD spectra 
for 1320 °C and 1250 °C show only incipient peaks at the 
 Si2N2O most intense reflection, namely 20.1°.

3.3  Crucible effect

3.3.1  Rice husk

Throughout the different runs, whiskers grew preferentially 

Fig. 8  SEM SE images of whiskers developed from industrial rice husk ash in graphite crucibles for the runs at 1320 °C and 1400 °C

Fig. 9  FTIR spectra and XRD patterns of whiskers deposited on graphite crucibles for rice husk ash runs at increasing soaking temperature 
values. The FTIR spectrum of the as-was crucible was included for comparison purposes
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on the surfaces of the graphite crucible and lid (see Fig. 3) 
when compared to the residue leftover from the start-
ing material. To discern the importance of the presence of 
graphite in the reaction chamber on the overall reaction and 
crystallization process, two configurations were employed, 
namely alumina crucibles with alumina lids and alumina cru-
cibles with graphite lids.

When alumina crucibles and lids were used with rice husk, 
a glassy phase formed that firmly sealed the lid to the cruci-
ble, and very little to no whisker production was observed, 
although the husk appeared to be thermally degraded, 
nonetheless. The presence of alkaline and alkaline-earth 
elements (see Table 1) in the husk possibly promoted the 
formation of the glassy phase responsible for the occlusion 
observed.

It was speculated that the seal prevented the necessary 
gas exchange required for the reactions to proceed, in par-
ticular the release of  CO(g), is crucial for the carbothermal 
reduction step to move forward (see Eq. 3). The effect of 
 N2(g) reaching the starting material was believed to be not 
as significant, considering that the prevailing conditions in 
the absence of nitrogen could have led to the production of 
silicon carbide whiskers, and no whisker development was 
indeed observed (see Eq. 4):

(3)SiO
2(s) + C(s) ↔ SiO(g) + CO(g)

A different setup was therefore used, where just a 
small opening was left between the alumina crucibles 
and lids to allow for the needed gaseous exchange. For 
this new setup, also a glassy phase formed through the 
crucible and lid surfaces that were in contact; however, a 
good number of whiskers developed on the crucible and 
lid surfaces, as well as on the residual material left at the 
bottom of the crucible. In any case, the whisker amount 
produced was significantly smaller when compared to 
the setup employing graphite crucible and lids.

When alumina crucibles were fully closed using 
graphite lids, whisker development was comparable to 
the one found for the graphite crucible and lid configu-
ration, with whiskers growing mainly on both the alu-
mina crucible walls and on the graphite lid.

Figure 10 shows the FTIR spectra for all runs at 1400 °C 
starting from rice husk and rice husk ash resulting from 
all the different crucible setups. The FTIR spectra show 
that the whiskers deposited on the crucible surfaces for 
the three configurations where rice husk was used exhib-
ited the characteristic IR bands—922 cm−1, 901 cm−1, 
882 cm−1, 840 cm−1, and 683 cm−1—compatible with 
the presence of α-Si3N4 [29].

(4)SiO
2(s) + 3C(s) ↔ SiC(s) + 2CO(g)

Fig. 10  FTIR spectra of the whiskers developed from rice husk and 
rice husk ash at a soaking temperature value of 1400 °C for differ-
ent crucible setups. Rice husk in partially open alumina crucibles, 

alumina crucibles and graphite lids, and in all-graphite setups (left). 
Rice husk ash in graphite crucibles at different graphite surface-to-
ash ratios: low ratio, basic ratio, and high ratio (right)
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3.3.2  Rice husk ash

To elucidate if the graphite surface-to-ash ratio had a siz-
able effect, two additional configurations were used with 
a lower and a higher ratio compared to the standard one 
used in earlier runs, where an all-alumina crucible setup 
was also tested. Table 2 summarizes the results observed.

Similar to the husk setup, the alumina crucible and lid 
setup was implemented with a small opening. For this new 
setup, also a glassy phase formed through the crucible and 
lid surfaces that were in contact. Even though the open-
ing allowed proper gaseous exchange, no whiskers were 
observed.

When the lower graphite crucible surface-to-ash ratio 
setups were used, comparatively more sample was placed 
on the crucible, and  Si2N2O whiskers were produced, while 
α-Si3N4 whiskers resulted when a higher surface-to-ash 
ratio setup was employed (see Fig. 10). This suggests that 
the presence of graphite in sufficient amounts in contact 
with the ash can be considered to be a decisive factor in 
the development, as well as the final chemical composi-
tion, of whiskers produced from rice husk ash.

All whiskers were found to be deposited preferentially 
on graphite surfaces and had lengths in the millimeter 
range. While  Si2N2O whisker diameters varied from about 
100 to 500 nm,  Si3N4 whiskers had rectangular cross sec-
tions varying between 100 nm and 1 µm. However,  Si3N4 
whiskers obtained from the ash appeared thinner and not 
as well developed when compared to the corresponding 
ones obtained from husk as the starting material at the 
same soaking temperature value of 1400 °C (see Fig. 11).

The experimental observation that high graphite sur-
face-to-ash ratios in the experimental setup led to silicon 
nitride whiskers may suggest that the rate-limiting step for 
full nitridation may be the carbothermal reduction reac-
tion rather than the nitridation step (see Eq. 3).

4  Conclusions

Rice husk and as-produced rice husk ash from a local 
cogeneration plant, without any pretreatments, were 
employed as starting materials to readily produce silicon 
nitride and silicon oxynitride whiskers by carbothermal 
reduction and nitridation. α-silicon nitride whiskers were 
obtained when rice husk was used, while α-silicon oxyni-
tride whiskers were the predominant product observed 
for the industrial ash. Rice husk resulted in a more sub-
stantial whisker development when compared to the ash 
for all temperatures evaluated. For both starting materi-
als, increasingly vigorous reaction rates were observed 
with increasing soaking temperatures, with the overall 
best results observed at 1400 °C. Graphite crucibles pro-
moted a more substantial whisker development for the 
husk, and a high graphite crucible surface-to-ash ratio 
setup enabled the production of α-silicon nitride whisk-
ers from the ash. α-silicon nitride whiskers had square or 

Table 2  Summary of all rice husk ash runs at 1400 °C with different 
crucible setups

Run Ash (mg) Graphite surface-
to-ash ratio 
 (cm2/g)

Whiskers

Alumina crucible and 
lid

1900 – No whiskers

Graphite—low ratio 2100 20 Si2N2O
Graphite—standard 

ratio
170 50 Si2N2O

Graphite—high ratio 300 150 α-Si3N4

Fig. 11  SEM SE images of 
α-Si3N4 whiskers developed 
with a high-ratio graphite 
crucible setup for industrial 
rice husk ash at the soaking 
temperature of 1400 °C. The 
SEM micrograph of α-Si3N4 
whiskers obtained from rice 
husk in a graphite crucible at 
1400 °C has been included for 
comparison purposes
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rectangular cross sections ranging from about 100 nm 
up to 1 µm, whereas silicon oxynitride whiskers had cross 
sections ranging from about 100 nm up to 500 nm. Both 
types of whiskers had lengths in the millimeter range. 
Throughout the different runs, whiskers grew much 
more preferentially on the crucible and lid surfaces when 
compared to the residue leftover from the starting mate-
rials, a fact that may aptly enable whisker recovery with 
a different experimental setup by crystallizing the prod-
ucts separately from the reaction chamber.
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