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1 | INTRODUCTION

Polymer-derived ceramics (PDCs) are a class of ceram-
ics that are made by the conversion of a polymer into
the ceramic phase.! They are used to produce various
kinds of ceramics, including SiC, SiCN, SiCO, Si;N,, BN,
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Abstract

Polymer-derived amorphous SiCN has excellent high-temperature stability and
properties. To reduce the shrinkage during pyrolysis and to improve the high-
temperature oxidation resistance, Y,0; was added as a filler. In this study,
polymer-derived SiCN-Y,0; composites were fabricated by mixing a polymeric
precursor of SiCN with Y,03 submicron powders in different ratios. The mix-
tures were cross-linked and pyrolyzed in argon. SiCN-Y,0; composites were
processed using field-assisted sintering technology at 1350°C for 5 min under
vacuum. Dense SiCN-Y,0; composite pellets were successfully made with rel-
ative density higher than 98% and homogeneous microstructure. Due to low
temperature and short time of the heat-treatment, the grain growth of Y,05 was
substantially inhibited. The Y,0; grain size was ~1 um after sintering. The com-
posites’ heat capacity, thermal diffusivity, and thermal expansion coefficients
were characterized as a function of temperature. The thermal conductivity of
the composites ceramics decreased as the amount of amorphous SiCN increased
and the coefficient of thermal expansion (CTE) of the composites increased with
Y, 05 content. However, the thermal conductivity and CTE did not follow the rule
of mixture. This is likely due to the partial oxidation of SiCN and the resultant
impurity phases such as Y,SiOs, Y,Si, 07, and Y, 47(Si0,4);0.

KEYWORDS
composites, field-assisted sintering technology (FAST), polymer precursor, thermal properties

Si0,.2* Polymer-derived SiCN is attractive because of its
high-temperature stability, and mechanical and electronic
properties. They have potential applications as catalyst
support,* optoelectronics UV detectors,” microelectrome-
chanical systems,® and high-temperature materials from
electromagnetic shielding.” One outstanding feature of
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polymer-derived SiCNs is that they can be amorphous
up to 1500°C.>® This feature helps the material avoid
grain-boundary-limited properties, such as grain growth
and creep. However, although SiCN has excellent high-
temperature oxidation resistance behavior in dry air, its
oxidation resistance is limited in an environment with
both oxygen and steam due to the reaction of the SiO,
layer and water vapor leading to formation of volatile
species.”!” This results in active oxidation with weight loss
and surface recession.

One significant disadvantage of PDCs is the high shrink-
age during the polymer-to-ceramic conversion—as much
as 60%-80% volumetric shrinkage.>!! For bulk compo-
nents, this large shrinkage leads to high porosity and/or
cracks.>'? For coatings, the large shrinkage leads to crack-
ing due to constrained shrinkage and limits the thickness
of crack-free coatings to a few microns."® One way to com-
pensate for the high shrinkage is to introduce activate
or passive filler into the preceramic precursor.'>'* Active
fillers react with solid or gaseous decomposition prod-
ucts, leading to formation of carbides, nitrides, or oxides
during pyrolysis. The volume expansion caused by the
carburization, nitridation, or oxidation can compensate
for the polymer shrinkage.'* Another strategy to control
the shrinkage during the polymer-ceramic transition is to
use inert fillers, which do not participate in the chemi-
cal reaction during the pyrolysis but reduce the shrinkage
by reducing the volume fraction of the polymer. Both of
these strategies have been used to make low shrinkage bulk
composites”® and crack-free thick environmental barrier
coatings.!>16-20

Yttrium oxide is a highly refractory material with excel-
lent corrosion resistance. By adding Y,0; powder into
SiCN precursors, under the right conditions Y,03 reacts
with the SiO, (due to oxidation of SiCN) and forms
yttrium silicates.”?? Yttrium silicates, with their excellent
mechanical properties, low oxygen permeability, high sta-
bility in water vapor, and high melting point, have been
shown to reduce the oxidative degradation of C, SiC, and
Si3N4.21_26

The densification of SiCN is challenging and requires
high temperature.”’ Similarly, the densification of Y,05
requires high temperature (>1800°C) and a long soaking
time.”® In addition, due to the well-known challenges in
sintering of composites,”’ sintering of SiCN-Y, 05 compos-
itesisachallenge. One promising approach is field-assisted
sintering technology (FAST) (also called spark plasma
sintering).?’-** In this technique, instead of using an exter-
nal heating source, electrodes are connected to a graphite
die. Pressure and pulsed current are applied to the punches
leading to direct Joule heating of the die and the sample.
Compared to typical heating rate in conventional sinter-
ing (e.g., 10-20°C/min), the heating rate of FAST can be as

high as 100-1000°C/min. Because of the high heating rate,
shorter dwell time, and applied pressure, rapid sintering is
realized with limited grain growth, FAST has become an
attractive technique especially for hard-to-sinter materials
like carbides, nitrides, and composites.*°~** It has also been
used to densify Y,05% and polymer-derived ceramics.**

In this study, we show that dense SiCN-Y,0; com-
posites can be fabricated by FAST. In addition, the
temperature and composition dependence of their ther-
mal properties are reported. Polymer-derived amorphous
SiCN and Y,0; powders were used as the starting raw
materials.

2 | EXPERIMENTAL PROCEDURES

FAST with high heating rates was employed to prepare
SiCN-Y,0; composites. The schematic configuration is
shown in Figure 1. The effects of composition and pro-
cessing temperatures on microstructure, phases, thermal,
and thermomechanical properties of the composites were
investigated and are reported in this paper.

The process flow diagram is shown in Figure 2. Four
compositions of SiCN-Y,03 composite powders based on
different SICN:Y, 05 volume ratio were prepared. To obtain
the composite powders, the corresponding slurries were
first prepared. Dispersant Disperbyk-2070 (BYK, Wesel,
Germany) was mixed thoroughly with di-n-butyl ether
(Acros Organics, Pittsburg, USA). The quantity of the
dispersant was 7.5 wt% of Y,05; powders (American Ele-
ments, 99.9%, average particle size .5-1 um). Based on
the Y,0;-SiCN volume ratio, the corresponding mass of
Y,0; powder was then added to form the suspension. To
achieve a well-dispersed suspension, high-energy ultra-
sonication (Vibra Cell VC-500, Sonics, CT, USA) was used
for 2 h. Overall, 3 wt% DCP (dicumyl peroxide, Sigma-
Aldrich Chemie GmbH, Germany), acting as initiator, was
first dissolved in Durazane 1800 (Durazane 1800, Merck
KGaA, Germany) using an ultrasonicator (VWR, Radnor,
USA). The polysilazane with DCP was then added to the
suspension in the flask and purged with flowing argon in a
glove box during magnetic stirring. After mixing, the flask
was transferred to a rotary evaporator running at 80°C for
5h. The dried sample was first cross-linked at 400°C for 2 h
and then pyrolyzed at 900°C for 2 h. These last two steps
were conducted in a tube furnace under flowing argon.
Pyrolyzed powders were milled in isopropanol in air for
60 h with zirconia balls in a planetary ball mill to obtain
the submicron powders.

The pyrolysis and mass change behavior of the pure
cross-linked Durazane powders was characterized using
thermogravimetric analysis (TGA) (NETZSCH STA 449
F3 Jupiter) from room temperature to 1100°C at a rate
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FIGURE 1 FAST sintering experimental set-up
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FIGURE 2 Process flow diagram for making the composites

of 2.5°C/min under argon atmosphere. The mass conver-
sion rate of pure Durazane was calculated based on weight
change before and after crosslinking using an analytical
balance (PI-214, Denver Instrument Co., Denver, CO).

To sinter the sample by the FAST technique, the pow-
ders were filled into a 32 mm diameter graphite die with
a hole of 10 mm drilled through the center of the die.
Two pieces of graphite foils were placed between powders
and graphite punches to facilitate demolding after FAST
processing. Graphite foil was also used to wrap the inner
surface of the graphite die. By doing so, the gap between the
graphite dies and punches was sealed, protecting the die
from contamination. During the FAST process, a constant
axial compressive stress of 20 MPa was applied through the
punches of the FAST system (Dr. Sinter-1020, Sumitomo

Coal Mining Co.). An increasing AC current (50 A/min)
starting from 250 A was applied simultaneously to the die
in a dynamic vacuum (~6 Pa), whereas the temperature of
the sample was monitored by a pyrometer. The heating rate
was around 150°C/min. Samples were held at the target
temperature (1250 or 1350°C) for 5 min before AC current
was shut off.

For the sintered samples, the thermal conductivity was
calculated based on the relationship: ¥k = DCpp, where
x is the thermal conductivity, D is the thermal diffusiv-
ity, Cp is the heat capacity, and p is the density. Thermal
diffusivity was measured using the laser flash diffusivity
method (NETZSCH LFA 457 Netzsch, Selb, Germany) from
25 to 600°C. The heat capacity was calorimetrically mea-
sured from 25 to 600°C (NETZSCH DSC 404C) (Netzsch,
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FIGURE 3 Thermogravimetric analysis (TGA) of the

cross-linked Durazane powders up to 1100°C with a heating rate of
2.5°C/min under flowing argon atmosphere

Selb, Germany). Sample density was measured using the
Archimedes method.

Linear thermal expansion coefficient (CTE) was mea-
sured using a computer-controlled horizontal pushrod
dilatometer (NETZSCH 402C) (Netzsch, Selb, Germany)
with a high-resolution displacement transducer. The spec-
imens were placed in contact with the pushrod and heated
to 1200°C at a rate of 10°C/min under ultrahigh purity Ar
flow.

X-ray diffraction was used to analyze and identify the
crystalline phases in the sintered samples (Rigaku Mini-
Flex 600) powder diffractometer (XRD), Rigaku MiniFlex
600 X-ray generator, Cu K,, radiation, A = 1.5406 A). Data
were digitally recorded in a continuous scan in the range
of angle (20) from 15° to 80° with a scanning rate of 1°/min.

The samples FAST sintered at 1350°C were polished and
thermally etched under argon at 1200°C for 30 min in a
tube furnace. The microstructures of the polished etched
samples were observed by scanning electron microscopy
(Hitachi S4800, Hitachi, Ltd., Tokyo, Japan).

3 | RESULTS

The thermal transformation of the cross-linked Durazane
powders was characterized by TGA in argon at a temper-
ature up to 1100°C with a heating rate of 2.5°C/min. The
TGA result (Figure 3) shows that the total weight loss was
approximately 14.5%. After crosslinking, there was almost
no weight loss up to 400°C. Almost all the weight loss is
between 400 and 700°C. Durazane loses a total of approx-
imately 22.6% weight during crosslinking and pyrolysis in
argon. Therefore, the total ceramic yield of Durazane 1800
after crosslinking and pyrolysis was 77.4%.

FIGURE 4 For the SiCN-Y,0; composites, the theoretical
density (calculated using rule of mixtures) and experimental density
(measured using pycnometer), as a function of Y,0; volume

percentage
TABLE 1 Theoretical volume percentage of SiCN and Y,0; in
the composites
Sample name Volume % of Y,0; Volume % of SiCN
PY 100 0
Y2S 98 2
YOS 91 9
Y18S 82 18
Y67S 33 67
PS 0 100
3.1 | Density

The particle densities measured by pycnometer (Figure 4)
were compared to the theoretical density of the compos-
ites calculated using the rule of mixtures.*> The measured
density of all compositions matches the rule of mixture
values. The particle density of pure SiCN is 2.94 g/cm?,
which is lower than both crystalline SiC (3.21 g/cm?) and
SisN, (3.17 g/cm?). However, some studies found that the
density of amorphous SiC and Si;N, depends on the prepa-
ration pathways.*®*” When in the amorphous phase, the
density of SiC can be more than 12% lower than that in the
crystalline phase (3.21 g/cm?).37 Kroll*® investigated amor-
phous SizN, using a density-functional method, and the
model resulted in two structures for amorphous Siz; N, with
densities of 3.06 and 2.60 g/cm?. The density of amorphous
PDC-SiCN agrees with the reported values mentioned
before.

Based on the TGA and density results, we calculated the
volume percentage of Y,05 and SiCN after the pyrolysis for
all the composites (Table 1).
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FIGURE 5 Bulk density of the SiCN-Y,0; composites,

measured using the Archimedes method, after field-assisted
sintering technology (FAST) at 1250 and 1350°C for 5 min
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FIGURE 6 Relative density of the SICN-Y,0; composites,

measured using the Archimedes method, after field-assisted
sintering technology (FAST) at 1250 and 1350°C for 5 min

Increasing the FAST temperature from 1250 to 1350°C
leads to a remarkable increase in sintered density. For Y28,
FAST processed at 1350°C, the density (4.94 g/cm?) was
very close to the theoretical density of pure Y,05. Sam-
ple densities increased with the volume ratio of Y,0s.
This is because of the higher theoretical density of Y,03
(5.01 g/cm?) compared with that of the amorphous SiCN
(2.94 g/cm?). Using the theoretical densities (Figure 4), the
relative densities of the composites are calculated and are
presented in Figure 5. All compositions reach high relative
density, especially at 1350°C, except pure SiCN sample.

3.2 | Phase characterization

The phase composition of FAST sintered samples at
1350°C for 5 min is identified using XRD (Figure 6). XRD
results show there was some oxidation of the SiCN. For

were found. This is because amorphous PDC-SiCN is
stable up to 1500°C.*® For Y18S, the crystalline phases
were Y,03, Y,SiOs, and YgSiyN,O14. When the PDC-SiCN
volume percentage is raised to 67%, the sintered pellets
had the crystalline phases of Y,03, Y,SiOs, Y,Si, 07, and
Y,67,(5104)30. These results are expected because, at high
temperatures, Y,0; reacts with SiCNO to form various
yttrium silicates.?!%?

Backscattered electron images of the Y67S FAST sintered
sample (Figure 7) show two distinct regions. The darker
area is primarily composed of Si, N, and C derived from
Durazane. The brighter area is dominated by Y and O. The
scarcities of O and Y in the area where more Si, N, and
C appear show the predominant existence of SiCN amor-
phous phases with the yttrium silicates being minority
phases due to limited oxidation of SICN.

3.3 | Microstructure

Scanning electron micrographs (Figure 8) show that the
average grain sizes of all samples are in the submicron
scale, which means grain growth has been inhibited in
the FAST-processed samples. Further, all the samples
exhibited a homogenous microstructure. For Y2S samples,
closed pores are observed, consistent with the density data.
With a higher volume content of SiCN, more amorphous
phases filling the pores and boundaries between grains can
be observed (Figure 8D,F). For Y67S, the sample is mainly
composed of amorphous phase.

3.4 | Thermal conductivity

The thermal properties of these composites are important
asone of their potential applications is as thermal and envi-
ronmental barrier coatings. The specific heat capacity (Cp)
of the SiCN-Y,0; composites, as a function of tempera-
ture, is plotted in Figure 9. In literature, to the best of our
knowledge, values of Cp of SiCN-Y,0; composites have
not been reported, except for pure Y,O5. It is shown that
the Cp of all composites increases with increasing temper-
ature. Cp of pure Y,05 changes from .45 J/(g K) at room
temperature to around .6 J/(g K) at 600°C. This is con-
sistent with the reported value.’**° For the composites,
at all temperatures, the Cp increases as the volume frac-
tion of SiCN increases. For all temperatures, the Cp for
PY, Y2S and Y9S are essentially equal (within experimental
error).
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FIGURE 7 Crystalline phases in sintered SiCN-Y,0; composites (field-assisted sintering technology [FAST] at 1350°C for 5 min under
vacuum)

FIGURE 8
vacuum

The measured thermal diffusivities of the investigated
composites are plotted in Figure 10. The thermal diffusiv-
ity of all compositions decreases with temperature and the
PDC content except for the composition Y67S that is higher
than that for Y18S. The reason for this unusual behavior
of this composite is not clears. The thermal conductivi-
ties calculated using ¥ = DCpp, and experimental results
of heat capacity (Figure 9) and density (Figure 11) are plot-
ted in Figure 12. The results reflect the trends in thermal
diffusivity (Figure 10).

Backscattered electron images of sample Y67S field-assisted sintering technology (FAST) sintered at 1350°C for 5 min under

3.5 |
(CTE)

Coefficient of thermal expansion

The average CTE of SiCN-Y,0; composites (Table 2
and Figure 13) shows pure SiCN has the lowest
value (5.5 + .2 x 107%/K). Pure Y,0; has a value of
8.7 + .1 X 107%/K. This is a similar value to the reported
data.*! Sample Y67S also had the expected value of CTE,
approximately following the rule of mixtures and falling
between Y,0O; and SiCN. However, for higher Y,0;
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FIGURE 9 Microstructure of different samples field-assisted sintering technology (FAST) processed at 1350°C for 5 min under vacuum.
Parts (A) and (B) are from Y2S sample; parts (C) and (D) are from Y9S sample; parts (E) and (F) are from Y18S; and parts (G) and (H) are from

Y67S.
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FIGURE 10 The heat capacity of SICN-Y,0; composites as a
function of temperature and composition

content samples (Y2S, Y9S, Y18S), the measured CTE
values are higher than both pure Y,0; and pure SiCN.
One possible reason is the oxidation of amorphous SiCN
phases or other chemical reactions in these higher Y,0;
content composites during CTE measurements, thereby
altering their CTE. It should be noted that the CTE
measurements were conducted in air during cooling after
heating to 1200°C. Further study is needed, especially
CTE measurements in inert environment.

4 | DISCUSSION

SiCN-Y,0; composites were sintered to high density
at 1350°C for 5 min without anyy sintering aid while
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FIGURE 11 The thermal diffusivity of SiCN-Y,0; composites Note: The identified phases are from the as processed composites (Figure 6).
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FIGURE 12 The thermal conductivity SiCN-Y,0; composites

as a function of temperature and composition

maintaining the micrometer scale grain sizes using
FAST. The results show evidence of the well documented
advantages of FAST in this system—ability to sinter
composites to a high density in short time with limited
grain growth. As an example, compared to the FAST
sintering conditions, the fabrication of dense Y,0; using
conventional sintering methods typically requires temper-
ature above 1700°C, holding for hours, and/or the need
for sintering aids.”®** FAST has been recently applied to
the sintering of dense, fine-grain Y,0; at a much lower
temperature and time.*>** During the FAST of Y,Os;, the
diffusion of yttrium cation along the grain boundary is the
rate-controlling process.*** Chaim et al.** found the
improved sinterability of Y,05; can be explained by the 3-
order higher diffusion coefficient of yttrium cations in the
grain boundary than the expected value for conventional
sintering. The results of Yoshida et al.** indicated that
the applied field during FAST enhanced the formation of
defects (oxygen anion vacancies and interstitial yttrium

cations) in the grain boundaries in Y,03. Moreover thus,
the matter transport in Y,0O3 was accelerated. Besides, the
fine-grain size (Figure 8) has the expected effect of fast
densification due to the well-known effect of grain size on
densification kinetics.”

When there is partial oxidation of SiCN, Y,0; and
amorphous SiCNO can form intergranular amorphous
phases.**~*¢ Wan et al.*® found that when sintering amor-
phous SiCN(O) with Y,0; as sintering additive, a higher
amount of Y,03; (8%) lowered the sintering temperature
to 1300°C. This is consistent with our result: When no
Y,0; is added to amorphous SiCN powders, sample PS
is poorly densified with a relative density of only 56%.
However, addition of even small amount of Y,05 signif-
icantly improves densification. During the FAST process,
applied pressure also promotes densification.*’ Both
higher pressure and sintering temperature increase the
sintered density. However, higher sintering temperature
leads to grain growth, which decreases the fracture of the
ceramic.*®

The observed phases can be explained by considering
partial oxidation of SiCN according to

SiCN (s) + 20, (g) — SiO, () + CO(g) + NO(g) (1)

The generated SiO, then can react with Y,03 to form
different yttrium silicates:

Y203 (S) + SIOZ (S) - YleOS (S) (2)
2335Y203 (S) + 38102 (S) - Y4_67(Si04)30 (S) (3)

Y203 (S) + ZSIOZ (S) e stizo7 (S) (4)

This stoichiometry ratio explains why with the increase
of the amorphous SiCN phase content, yttrium silicate
changes from Y,SiOs to Y,4¢;(SiO4);0, and finally to
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FIGURE 13
SiCN-Y,0; composites in the range from 400 to 1200°C during
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TABLE 3
conductivities of the main phases

Y,0, Y,SiO,

Reported Debye temperatures and thermal
50,52,53

Y,Si0, Si0_2

Debye T (K) 580 ~577 470
Thermal conductivity 7-15 1.5-1.6 3.5-
(W/(m K))

Y,Si,0,. Besides, according to reactions (5) and (6),**"
nitrogen-containing phases may also oxidize and generate
Y,Si,N,O,. Subsequently, Y4Si,N,0O; reacts with oxygen
and decomposes into Y, 4,(Si0,4);0 and Y,05.

4Y203 (S) + Si3N4 (S) + SIOZ (S) = 2Y4SizN207 (S)
©)

1.5Y4Si2N207 (S) + 22502 (g) g Y4_67(Si04)30 (S)

Regarding thermal properties, above the Debye temper-
ature, the heat capacities of a material can be considered
constant.’! The Debye temperatures of the main phases of
composites are listed below in Table 3. Above 300°C, the
heat capacities of PD, Y2S, and Y9S are almost constant
(Figure 9). Based on the reported results,””? the thermal
conductivity of pure Y,05 decreases from 15 to 7 W/(m K)
in the range from room temperature to 600°C. Our results
are consistent with these reported values. For composites
Y2S, the main crystalline phase is Y,03, which is why
this composite possess the highest thermal conductivity.
With Y,0; content decreasing, more amorphous phases,
along with the crystalline Y,SiO5 phase, appeared. Due to
the low thermal conductivity of Y,SiO5 and other yttrium
silicates,”® the thermal conductivity of the composites
decreases. Based on our XRD results, the composition Y18S

has the highest content of Y,SiOs. This explains why Y18S
has the lowest thermal conductivities of all four composi-
tions. In addition, the amorphous phases also contribute to
the thermal conductivity. Compared to crystalline phases,
the thermal properties of the amorphous phase are less
explored.” It has been shown that the thermal conductiv-
ity values of amorphous silicon nitride (SiN,) and silicon
carbide have a wide range (SiN,: .7-13 W/(m K); SiC:
12-4.2 W/(m K)) depending on fabrication methods, sam-
ple dimensions, density, and mean free path vibrational
modes.™

5 | CONCLUSION

High relative density SiCN-Y,0; composites of various
compositions were fabricated by FAST at 1350°C for
5 min under vacuum. The composites have a homoge-
nous microstructure with a high relative density (~98%)
and small grain size. XRD results indicated partial oxi-
dation of SiCN leading to formation of different yttrium
silicates. No crystalline SiC or Siz;N, was observed. The
composites’ thermal properties were investigated, includ-
ing heat capacity, thermal diffusivity, thermal conductivity,
and coefficient of thermal expansion. The results show
expected trends. Specifically:

1. For the composites, at all temperatures, the heat capac-
ity increases as the volume fraction of SiCN increases.
It also increases as temperature increases, especially at
lower temperature.

2. The thermal diffusivity and conductivity of all compo-
sitions decrease with temperature and the PDC content
except for the composition Y67S that is higher than that
Y18S. The reason for this requires a careful phase anal-
ysis, including the volume fraction and composition of
the amorphous phase.

3. The thermal expansion coefficient generally follows the
rule of mixtures. At high Y,0; contents, there is some
deviation from the rule of mixture, most likely due to
oxidation of SiCN during testing leading to higher con-
tent of yttrium silicates. The oxygen incorporation is
believed to be during wet milling which was done in air
environment using isopropanol.
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