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1 | INTRODUCTION

Rajendra K. Bordia |

Fei Peng

Abstract

In this study, we demonstrate a novel environmental barrier coating processed
from polymer-derived ceramics (PDCs) with homogeneously distributed sub-
micrometer Y,05 as the filler. Under suitable conditions, dense and crack-free
coatings can be achieved for all the designed compositions with the volumetric
content of Y, O3 varied from 45 to 93 vol%. To process the PDC SiC-Y, 03 compos-
ite coatings, Y, O3 particles and SiC liquid precursor were uniformly dispersed in
hexane and then dip-coated on SiC substrates. After cross-linking at 250°C and
heat-treated at 900°C in argon, dense and crack-free PDC SiC-Y,05; composite
coatings were formed. The effect of coating thickness and heat-treatment temper-
ature on the formation of cracks due to constrained pyrolysis was studied. The
critical thickness for realizing crack-free coatings of three compositions (i.e., 93,
77, and 45 vol% Y,03) was studied for heat treatment from 1000 to 1300°C using
atomic force microscope and scanning electron microscopy. As heat-treatment
temperature increases, the critical coating thickness decreases for the same coat-
ing compositions due to enhanced shrinkage at higher temperature. With higher
Y,0; content, the critical thickness of the coating increased. The inert Y,O5 parti-
cles reduce the amount of polymer leading to reduction in the overall constrained
shrinkage of the coating during heat treatment.
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too thin will not be able to provide enough protection
against wear and corrosion. On the other hand, if the coat-

Films and coatings are used widely to modify the physi-
cal and chemical properties of a surface or substrate. The
high mechanical properties (e.g., modulus, hardness, wear,
and strength) and chemical stabilities of ceramic materials
make ceramic coatings attractive candidates for protec-
tions against wear, oxidation, and corrosion.'® To realize
the desired performance of ceramic coatings, it is impor-
tant to control the coating thickness.*”” Coatings that are

ings are too thick, cracks will form and propagate resulting
in coating failure.

During the processing of coatings, there is a “critical
thickness.”®"!! The coating will be dense and crack-free
below the critical thickness and has cracks above it. This
can be explained by an energy balance between the sur-
face energy required to create a new crack surface and
the strain energy released as a crack grows.'” For ceramic
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coating, especially for the application of corrosion pro-
tection, a dense and crack-free coating is a requirement.
Therefore, it is important to study the critical thick-
ness of different coating compositions and heat-treatment
conditions. In this paper, we investigate how powder
dispersibility, filler content, drying process, and heat-
treatment temperature affect the critical coating thickness
of polymer-derived ceramic (PDC) SiC-Y,0; composite
coatings.

PDCs are silicon-based amorphous ceramic materials
obtained from organic precursors. PDCs have been used
to make SiC-based ceramic coatings, fibers, bulk, and cel-
lular ceramics.”*> The PDC route is especially attractive
to make coatings at relatively low temperatures. However,
the primary challenge of this approach is the significant
shrinkage during the polymer-to-ceramic conversion. One
way to compensate for the high shrinkage is to introduce
active or passive fillers in the preceramic precursor.'®!
Passive fillers, such as BN,?*?* YSZ,%* Al,05,%?° Zr0,,'8%’
will stay inert through the polymer-to-ceramic conversion.
They reduce coating shrinkage simply by reducing the
volume fraction of the shrinking polymer phase.’! Active
fillers, such as Al*%? Si,%° TiB,,”® ZrSi,,”” react with
the precursor, decomposition products of the polymer, or
atmosphere.?! For appropriately chosen fillers, the volume
expansion of the reaction can additionally compensate for
the polymer shrinkage.*"

In addition, fillers can also be used to design and tailor
the thermal,®' mechanical,®” and electrical®*3* properties
of PDCs. For example, in a recent study, Y,03; powder
was added to polysiloxanes to make yttrium silicate coat-
ings for the protection of C/SiC composites from recession
in dry air or water vapor. It showed excellent oxidation
protection.*> Most recently, Y,0; and Yb,0; powders
were added to polysilazanes to make yttrium and ytter-
bium silicates coatings for hot gas oxidation protection of
Si;N,.36

In this study, PDC SiC-Y,0; composite coatings were
processed by adding Y,O; filler to polycarbosilane, a
precursor for SiC. The Y, 03 content was varied in the com-
posite coatings (between 45 and 93 vol%). This allows the
future development of polymer-derived functional graded
coating,””* which smoothly transitions from a bottom
bond interface that contains almost pure SiC, to a top sur-
face that contains a high content of Y,05. This graded
environmental barrier coating (EBC) system is being devel-
oped in our lab to protect SiC¢/SiC substrates against
high-velocity steam attack. A dense top layer of Y,0;3 has
low oxygen permeability and high corrosion resistance
under high-velocity steam. Even if a certain degree of oxi-
dation occurs within this innovative EBC, Y,0; can react
with silica forming yttrium silicate, which can still provide
excellent stability and oxidation protection.*!

TABLE 1 Sample name and corresponding volumetric
compositions of the polymer-derived ceramic (PDC) SiC-Y, 05
composites

Total ceramic
Sample yield (grams per Y,0; PDC SiC
name Solvent 1 g suspension) (vol%) (vol%)
Y100 Hexane .6 100 0
Y93S Hexane .6 93 7
Y77S Hexane .6 77 23
Y45S Hexane .6 45 55
S100 Hexane .6 0 100

Abbreviation: PDC, polymer-derived ceramic.

2 | EXPERIMENTAL PROCEDURES

In this study, the SiC precursor was SMP-10 (StarPCS,
Schenectady, NY). The Y,0; filler was yttrium(III) oxide
nanopowder (50-70 nm, 99.995%, Alfa Aesar, MA). Five
compositions were investigated, as shown in Table 1.
To measure the density of PDC SiC, SMP-10 was cross-
linked and pyrolysized at 900°C. The density of pyroly-
sized ceramic was measured using a helium pycnome-
ter (AccuPyc 1330, Micromeritics, Norcross, GA). The
measured density of PDC-derived amorphous SiC was
2.94 g/cm?. This, together with the theoretical density of
Y,0; (5.01 g/cm?®), was used for the calculation of theo-
retical density of the composites and for the conversion of
weight percentages to volume percent for the composite
coating composition.

The flowchart of the coating processing is shown in
Figure 1. To prepare the uniformly dispersed Y,03/SMP-10
suspensions, first, hexane was mixed with an SiC pre-
cursor. Overall, 5 wt% dispersant (Efka FA 4608, BASF,
Charlotte, NC) based on the weight of Y,05; nanoparticles
was also added and mixed thoroughly by a magnetic stirrer.
Then yttrium(IIT) oxide nanopowder (50-70 nm, 99.995%,
Alfa Aesar, MA) was added into the solvent and ball-milled
for 72 h. Finally, the slurry was homogenized using a high-
energy ultrasonication probe for 2 h with 100% power (1s
on + 1s pause) (Vibra-Cell VC500, Sonics, CT). The amount
of hexane, Y,03, SMP-10 needed in this step was calcu-
lated based on Table 1, assuming that the ceramic yield of
1 g SMP-10 is .767 g after heat treatment (discussed in Sec-
tion 3). During heat treatment, all of the hexane and the
dispersant evaporated completely.

The viscosity of Y,05-SMP-10 suspensions was deter-
mined by a viscometer (Brookfield DV3THBCJ0, Ametek
Brookfield, Middleboro, MA) at a shear rate between
115.2 and 960 s~! at room temperature. The density was
calculated by the measured weight of the fixed volume
of suspension in a liquid pycnometer (25 ml) using an
analytical balance (PI-214, Denver Instrument Co., Denver,
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(solvent) Ball milling for 72h.

SMP-10 High energy ultrasonication for 2h.
(PDC-precursor) | Well-dispersed
Y,0, nanoparticles suspension

(Filler) ) )
Dip coating [ Goated SiC
FA 4608 || substrate
(dispersant)

SiC substrate Clean SiC substrate'— Dry in dessicator

Ultrasonication in acetone for 2h for 24h
i A 4
s il Coated SiC | Coated SiC
coating on SiC <
substrate substrate substrate

Crosslinked at 250°C for 2h, 1°C/min, Ar

Heat treated at 900°C for 2h, 1°C/min, Ar

FIGURE 1 Flowchart for the experimental approach of fabrication of Y,0; — —SiC coating on SiC substrate

CO). Silicon carbide (4H N type S, MSE Supplies, AZ) was
used as the substrate for dip-coating. SiC substrates were
first ultrasonicated in acetone for 2 h then rinsed with
acetone and DI water. The substrates were subsequently
dried thoroughly before dip-coating.

Various compositions of Y,03/SiC coatings were pre-
pared (Table 1) on the cleaned surface of an SiC substrate
by the dip-coating method and their microstructures after
heat treatment were investigated. Dip-coating was car-
ried out using the following steps: The substrates were
first immersed in the suspension at a constant speed
of 100 mm/min, held in the suspension for 10 s, and
then withdrawn at various speeds ranging from 10 to
500 mm/min to get different coating thicknesses.*>** The
dip-coating was conducted in a KVS NIMA dip coater
(Biolin Scientific, Espoo, Finland). The coating was dried
for 24 h in a desiccator at room temperature before heat
treatment. Room temperature and a desiccator were used
for low-rate controlled drying, which was needed to avoid
drying cracks.

The coatings were cross-linked at 1°C/min to 250°C
for 2 h followed by heat treatment at a heating rate of
1°C/min to 900°C for 2 h to complete the polymer-to-
ceramic conversion. To test the temperature dependence
of critical thickness, the pyrolyzed coating was heated
to target temperatures (1000, 1100, 1200, and 1300°C) at
5°C/min. Once the target temperature was achieved the
power was cut off, and coated substrate was furnace cooled
to room temperature. All heat-treatment processes, includ-
ing cross-linking, were performed under ultrahigh purity
flowing argon in a tube furnace (CM Furnaces, Bloomfield,
USA).

X-ray diffraction (XRD) was used to analyze the sintered
sample. XRD measurements were performed on a Rigaku
MiniFlex 600 powder diffractometer (XRD, Rigaku Mini-
Flex 600 X-ray generator, Cu K, radiation, 1 = 1.5406 A).
Data were digitally recorded in a continuous scan in the
range of angle (26) from 20° to 80° with a scanning rate
of 1°/min. The microstructures of the heat-treated coat-
ings were then observed by scanning electron microscopy
(SEM, Hitachi S4800, Hitachi, Ltd., Tokyo, Japan) and an
optical microscope (BX60, Olympus). The thickness of the
heat-treated coatings was measured using an atomic force
microscope (AFM, Alpha300, WITec Instruments Corp.).
Scratches were made on the films using a metal blade after
heat treatment. AFM measurements were carried out to
obtain the height difference between the coating and the
substrate.

The pyrolysis and mass change behavior of the pure
cross-linked SMP-10 powders were investigated by ther-
mogravimetric analysis (Netzsch STA 449 F3 Jupiter) up
to 1400°C at a rate of 1°C/min under argon atmosphere.
The weight change of pure SMP-10 before and after cross-
linking was also measured using an analytical balance
(PI-214, Denver Instrument Co., Denver, CO).

3 | RESULTS AND DISCUSSION

The viscosities of the slurries, as a function of the shear
rate, are shown in Figure 2. The pure Y,0; slurry demon-
strated shear thinning behavior. After mixing with SMP-10,
the viscosity became significantly lower and Newtonian. It
is interesting that the viscosities of all slurries of SMP-10
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FIGURE 3 Thermogravimetric analysis of the cross-linked 3.2 | The effect of slurry formulation and

SMP-10 powders up to 1400°C with a heating rate of 2.5°C/min
under flowing argon

and Y,0; are lower than that of pure SMP-10, and that of
pure Y,0;. This suggests interaction between SMP-10 and
Y, 05 particles. Further analysis is needed to explain this
observation.

The thermal behavior of the cross-linked SMP-10 pow-
ders was characterized by TGA in argon at a temperature
up to 1400°C with a heating rate of 1°C/min. The TGA
result (Figure 3) shows that the total weight loss, during
pyrolysis of the cross-linked polymer, was approximately
15.77%. The weight loss began near 350°C, indicating the
pyrolysis process of SMP-10. Majority of the weight loss
occurs below 800°C with a small amount of weight loss
in the 1100-1250°C range. The mass change during cross-
linking at 250°C in argon was 9% resulting in a total
mass loss of 23.3% (from the liquid polymer to pyrolyzed
ceramic). Therefore, the ceramic yield of SMP-10 after
pyrolysis was 76.7%.

3.1 | Crystalline phases

Figure 4 shows the XRD pattern of the Y,03;/SMP-
10 composite powders after heat treatment at various

preparation on slurry stability and coating
morphology

The effect of the particle dispersing method on the
slurry stability and coating morphology was investigated
to determine optimal dispersing method. There different
approaches to disperse the particles in the precursor were
investigated: (A) a high-energy planetary ball milling (Ver-
tical Planetary Ball Mill, MA0101, MSE Supplies, AZ) for
4 h; (B) regular ball milling for 72 h and then ultra-
sonication (VWR Ultrasonic Cleaner 97043-964, 35 kHz,
90 W, Radnor, PA) for 2 h; (C) regular ball milling for
72 h and then high-energy ultrasonication for 2 h with
100% power (1s on + 1s pause) (Vibra-Cell VC500, Son-
ics, CT). Figure 5 depicts the results of different mixing
methods on slurry stability after 4 h of sedimentation. Sur-
prisingly, high-energy planetary ball milling resulted in the
worst suspension, with nanoparticles agglomerated and
sedimented. High-energy milling leads to increased sur-
face area and this may result in agglomeration. In contrast,
high-energy probe ultrasonication resulted in the most sta-
ble dispersed slurry. This was selected as the final step
to obtain well-dispersed Y,0; nanoparticle suspensions
after ball milling. We also investigated the effect of the
amount of dispersant on slurry quality. Overall, 3-10 wt%
dispersant, Efka FA 4608 (BASF, Charlotte, NC) based on
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FIGURE 5
4608 prepared by different mixing methods after 4-h sedimentation:

Y,0; (40 wt%) suspensions in hexane with 3% Efka

(A) high-energy planetary ball milling; (B) ball
milling + ultrasonication; (C) ball milling + high-energy
ultrasonication for 2 h

the weight of Y,0; nanoparticles was added and mixed
thoroughly by a magnetic stirrer. We found the best com-
bination for solvent and dispersant was 5% Efka 4608 in
hexane (Figure 6).

The state of dispersion of the Y,0O; particles in the
suspension has a significant effect of the coatings’ qual-
ity. When the Y,0; nanoparticles were not well dis-
persed or not distributed homogenously in the sus-
pension, extensive cracking occurred during pyrolysis
(Figure 7). This is because cracks could form and prop-
agate within the polymer-derived ceramics, where the
local shrinkage is much higher than regions where
Y,0; nanoparticles are distributed. Another possible rea-
son for the poor quality may be nonuniform coating
thickness.

3.3 | Microstructure

Further studies were conducted using the optimized slurry
formulation—dispersant was 5 wt% (based on the weight
of Y,03)—Efka 4608 in hexane and particle dispersion
method (regular ball milling for 72 h and then high-energy
ultrasonication for 2 h with 100% power [1s on + 1s pause]).
These studies were conducted to investigate the effect of
composition on the microstructure. Figure 8 shows the
results obtained after heat treatment at 900°C. For sam-
ple Y100, there is clear evidence of lack of sintering as
the coating has significant porosity. In contrast to sample
Y100, the other three compositions with PDC-SiC formed
dense films. Yttria nanopowders were dispersed in the
amorphous dense SiC matrix. As expected, at this low
heat-treatment temperature, no significant grain growth

of yttria nanopowder was observed for all compositions.
Interestingly, with a higher content of yttria nanopow-
der, the uniformity of the film improved. The unifor-
mity of the yttria nanopowder distribution indicates that
the slurries remained well dispersed during the coating
process.

To investigate the composition of the amorphous phase
connecting yttria nanopowders, EDX was conducted
(Figure 9). The result shows the main elements were sil-
icon, carbon, and yttrium. Oxygen was also present in the
selected field. It is possible there was some oxidation in
the amorphous phase. However, combined with the XRD
results (Figure 4), we believe it is more likely that the
oxygen signal was contributed from the Y,0; particles
embedded in the amorphous phase.

3.4 | The effect of the filler content and
heat-treatment temperature on critical
thickness

In most cases, cracking in the coatings could be observed
visually or using optical microscope. This is because, due to
the large pyrolysis shrinkage, the cracks due to constrained
pyrolysis have much larger crack opening displacement
compared to thermal expansion mismatch cracks (origin is
low differential thermos-elastic strains). The crack open-
ing displacement is a clear way to differential between
cracking due to constrained sintering or pyrolysis and
cracking due to thermal expansion mismatch between the
coating and substrate.®

In some cases, with micro-cracks, SEM investigation
was needed. For any coating, which did not show cracks
visually or in optical microscope, we conducted SEM to
ensure they were indeed crack-free. Figure 10 shows an
example of the crack-free coating and cracked coating
under SEM.

In Figure 11, the effect of volume fraction of Y,05 and
the heat-treatment temperature on the critical coating
thickness is plotted. Coatings from the three compositions
(Y93S, Y77S, and Y45S) were prepared with different thick-
nesses and heat-treated at different temperatures. After
heat treatment, the coatings were examined to determine
if they had cracks or not (either optically or optically and
SEM). Based on these, observation data are plotted in
Figure 11 with a “cross” for coatings that showed cracks,
and a “circle” for the ones that did not show cracking.
Figure 11 is thus a process map identifying conditions
under which robust crack-free coatings can be produced.
The amount of Y,05 had the dominant effect on the crit-
ical coating thickness. At all heat-treatment temperatures
from 1000 to 1300°C, Y93S had the highest critical thick-
ness. For example, for heat treatment at 1000°C, the critical
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FIGURE 6 The dispersibility of Y,04
(60 wt%) suspensions in hexane, with
different concentrations of dispersant, after

2 h of sedimentation: (A) 3% Efka 4608; (B)
5% Efka 4608; (C) 8% Efka 4608; (D) 10% Efka
4608

TECH

FIGURE 7

Microstructure of pyrolyzed ceramic coatings: (A) and (B) ceramic coatings using poorly dispersed slurries; (C) and (D)

ceramic coatings using well dispersed slurries. In both cases, the composition is Y45S, and the coatings were heat treatment at 1000°C.

thicknesses are ~1220 nm for Y45S, ~1330 nm for Y77S, and
~2280 nm for Y93S.

The effect of Y,05 content is expected because the frac-
tion of shrinking polymer component decreases as the
amount of Y, 05 increases. The total volume change during
pyrolysis can be calculated using the following equation’:

Ve
Wiogal = <1 - VTfax) (W, - 1) +V, (¥ —1)+Vp ()
/

where V¢, Vp are the filler volume fraction and pore vol-
ume fraction, respectively, ¥p, ¥ are the specific volume
change of the polymer and filler, respectively; and V'

is the max volume fraction of filler corresponding to the
highest packing density of the filler.

For all three compositions, the critical thickness for
a dense, crack-free coating decreased with temperature.
From Figure 10, as the crack opening displacements are
large, it is clear that these cracks occur due to pyroly-
sis shrinkage and not thermal expansion mismatch.?' For
SMP-10, Figure 3 shows the mass loss as a function of
temperature. The majority of the mass loss is at temper-
ature less than 1000°C. However, there was slight mass
loss in a 1100-1200°C region. Although shrinkage was not
measured, the shrinkage of the polymer is expected to
be high at temperature less than 1000°C. For the com-
posite coatings, we also need to consider the shrinkage
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FIGURE 8
Y45S

Element Atomic %
C 31.55
(0] 15.42
Si 53.03

FIGURE 9 Scanning electron microscopy (SEM) and EDX
image for sample Y45S heat-treated in argon at 1100°C. The red
rectangle in the image shows the selected EDX inspection field.

FIGURE 10

Scanning electron microscopy (SEM) images of
crack free coating: parts (A) and (B) versus cracked coating parts (C)
and (D). (A) and (B) Y77S, heat-treated at 1100°C, in argon,
thickness = 935 nm; (C) and (D) Y77S, heat-treated at 1100°C, in
argon, thickness = 985 nm

The morphology of dip-coated SiC substrate after heat treatment at 900°C in argon: (A) Y100, (B) Y93S, (C) Y77S, and (D)

of Y,0; due to sintering. This is expected to be dom-
inant above 1200°C. The effect of temperature on the
critical thickness (Figure 11) is explained by considering
the combination of the shrinkage of polymer and sinter-
ing of Y,05. For the films with high Y,0; content (Y93S),
there are two distinct regimes of decrease in critical thick-
ness as a function of temperature. The first corresponds
to the shrinkage of polymer (temperature < 1000°C),
and the second corresponds to the densification of Y,03
(temperature > 1200°C). For the high content of SMP-10
(Y45S), there was only one primary regime (tempera-
ture < 1000°C). The critical thickness of Y77S showed two
regimes, but not as clearly as that for Y93S.

3.5 | The effect of solvent evaporation
during drying process

In coating fabricated from particle suspension, cracks
can also be induced by stress built up during the drying
process.** For hard particles, such as ceramic powders,
the tendency of cracking can be reduced by decreasing the
solvent’s surface tension, evaporation rate, or increasing
the mechanical properties of the particles. However,
it is not particularly important to choose a solvent with
a low evaporation rate in our system. Even in the event
when the solvent evaporates quickly, the PDC precursor
will remain fluid before cross-linking. The fluidity of the
precursor helps to relieve the shrinkage stress during an
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coatings of different compositions: (A) Y93S, (B) Y77S, (C) Y45S, (D) comparison of three compositions

evaporation of the solvent.* Additionally, the polymer
precursor works as a binder of the Y,0j3 particles, which
helps to avoid cracking during drying.

4 | CONCLUSIONS

This study was focused on an investigation of the effect
of the three important parameters on the processing
of polymer-derived composite coatings—the composition
of the composite, the coating thickness, and the heat-
treatment temperature. Slurries of the polymer precursor
for SiC and Y,0; nanoparticles were dispersed by opti-
mizing the solvent, amount of dispersant, and dispersion
method. Using dip-coating and controlling the withdrawal
speed, coatings of different thicknesses were made. After
cross-linking and heat treatment, a composite coating with
PDC-derived amorphous SiC matrix and Y,03 nanopar-
ticles as second phase was obtained. The only crystalline
phase, detected by XRD, was Y,03 up to a temperature of
1200°C.

After heat treatment, under certain conditions, cracks
were observed in the coatings. From the wide crack open-
ing displacement, it was concluded that the cracking
occurs during polymer pyrolysis and sintering of Y,05. It
is due to the stresses induced during pyrolysis and sin-
tering due to the in-plane constraint on the shrinkage
from the substrate. The coating thickness has a dominant
effect on whether a coating cracks or not. As the thick-
ness increases, the tendency for crack formation increases.
Critical coating thicknesses, such that the coatings do not

crack if the thickness is below this value, were obtained
for the composite coatings as a function of temperature
and composition. For all compositions, the critical coat-
ing thickness decreases as heat-treatment temperature
increases. This is because as heat-treatment temperature
increases, the shrinkage of the composite system increases.
There are two temperature regimes in which the behav-
ior is different due to the origin of the shrinkage of the
composite. At lower temperature, less than 1000°C, the
shrinkage occurs primarily due to the pyrolysis of the poly-
mer. At temperature greater than 1200°C, the shrinkage
is controlled by the densification of the Y,05; nanoparti-
cles. Beyond 1200°C, the polymer pyrolysis is complete,
and additional shrinkage in the polymer is negligible. The
coating composition also has an important effect. At a fixed
pyrolysis temperature up to 1300°C, the critical coating
thickness increases as the amount of Y,03 nanoparticles.
This is because as the amount of Y,0; increases, the
amount of the polymer decreases, and this results in lower
overall shrinkage as up to 1300°C, the dominant shrinkage
is from the pyrolysis of the polymer.
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