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A comparative study of structure and thermal properties is reported for three 3C crystalline silicon carbide (SiC)
microwires, including Sylramic, Hi-Nicalon S and a sample fabricated by laser chemical vapor deposition
(LCVD). Structural characterization by Raman spectroscopy and x-ray diffraction (XRD) finds that the LCVD-
based sample contains excessive silicon and smallest grains of SiC but detectable free carbon. Thermal char-
acterization from room temperature down to 20 K uncovers the effect of nanosized grain on thermal properties.
The thermal properties are correlated with the structure via structural thermal domain (STD) size, defined as the

grain boundary-induced phonon mean free path at the 0 K limit. The STD size of the three samples is found as
9.35, 1.42 and 1.03 nm for the Sylramic, Hi-Nicalon S and LCVD SiC fibers, proportional to and nearly one order
of magnification smaller than the corresponding crystalline size determined by XRD: 67-113, 14.6-18.4, and

5.85-7.84 nm.

1. Introduction

Silicon carbide (SiC) microwires have been under active develop-
ment in recent three decades as high-temperature materials for use in
advanced gas turbine and nuclear fusion reactor. Since the introduction
of the polymer-based technique first by Yajima et al. in 1970s, the as-
fabricated SiC microwires have been commercialized and reached its
state of the art [1]. The polymer-based SiC microwire exhibits high
Young’s modulus, high hardness, high thermal conductivity and a high
resistance to creep, oxidization and thermal shock [2]. The fine dia-
meter of about 10 um allows the microwires to be woven into and re-
inforce complex structures, typically in the form of ceramic matrix
composites (CMC). In applications, the thermal conductivity of in-
dividual SiC microwires is of interest due to their fundamental role in
the heat dissipation of the entire CMC component. However, previous
study has been limited to the thermal characterization of CMC films
instead of individual microwires [3], which further limits the under-
standing and improvement of SiC-based CMC. The challenge of accurate
thermal characterization of individual microwires is mainly due to the
specimen shape and size, which makes many techniques such as laser
flash technique not applicable. Also the large surface-area-to-volume
ratio significantly amplifies the radiation heat loss in thermal char-
acterization. Typical steady-state techniques that extract thermal
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properties from spatial temperature difference at a steady state are
prone to the radiation effect [4]. In response, transient thermal tech-
niques have been developed in the recent two decades for the mea-
surement of microwires. The transient techniques that extract thermal
properties from the transient temperature change (usually averaged in
space) include time-domain thermoreflectance (TDTR) [5], 3-
omega [6] and transient electro-thermal (TET) technique [7]. The TET
technique that features no requirement for calibration and short data
collection time is used in this work.

The objective of this work is to conduct a comparative study on the
thermal properties and the microstructures of a series of advanced SiC
microwires to provide the first-hand insight into the structure and
thermal properties of nanocrystalline SiC, and to uncover the effect of
structure on thermal transport capacity. Samples include Sylramic and
Hi-Nicalon S fabricated by conversion of polymer precursors and LCVD-
FFF fabricated by laser-driven chemical vapor deposition (LCVD) [8,9].
Their structure is characterized by x-ray diffraction (XRD) and Raman
spectroscopy. The grain size determined by XRD (Ixgp) is about 95, 16
and 7nm for Sylramic, Hi-Nicalon S and LCVD-FFF, respectively.
Thermal properties, including thermal conductivity (k), thermal diffu-
sivity (@) and volumetric heat capacity (pc,), are measured in the
temperature range from room temperature (290 K) down to 20 K. Based
on the measured thermal properties and grain size, the correlation

Received 29 January 2018; Received in revised form 16 March 2018; Accepted 18 March 2018

Available online 21 March 2018
0272-8842/ © 2018 Elsevier Ltd and Techna Group S.r.l. All rights reserved.


http://www.sciencedirect.com/science/journal/02728842
https://www.elsevier.com/locate/ceramint
https://doi.org/10.1016/j.ceramint.2018.03.161
https://doi.org/10.1016/j.ceramint.2018.03.161
mailto:xwang3@iastate.edu
https://doi.org/10.1016/j.ceramint.2018.03.161
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ceramint.2018.03.161&domain=pdf

B. Zhu et al.

between thermal properties and grain size is investigated and inter-
preted by the phonon scattering model. In contrast to the dominance of
Umklapp phonon-phonon scattering in single crystals, grain boundary
effect is overwhelming for the nanocrystalline samples. The structural
thermal domain (STD) size, defined as the grain boundary-induced
phonon mean free path (MFP) at O K limit, is found positively correlated
to lXRD~

2. Material and methods
2.1. Samples

The samples measured in this study include three 3C-SiC nano-
crystalline microfibers: Sylramic, Hi-Nicalon S and LCVD-FFF. Sylramic
(developed by Dow Corning and manufactured by COI Ceramics) is
fabricated by the conversion of polytitanocarbosilane (PTC) precursor
followed by pyrolysis in hydrogen with boron as additive [10]. Hi-Ni-
calon S (from Nippon Carbon) is fabricated by electron-beam curing of
polycarbonsilane (PCS) precursor followed by pyrolysis in hydrogen gas
[9]. Both polymer-based fibers feature dominant 3C-SiC phase, near-
stoichiometric composition (Si/C at% = 0.95-1, excessive carbon in the
core) [11], low oxygen content (< 1wt%) and low porosity [12]. The
drawback of the polymer-based technique at the current stage is that
the as-produced SiC microfibers have not been cost efficient and con-
tain free carbon in the core or residual of additives [10,12,13]. LCVD-
FFF from Free Form Fiber is fabricated by the LCVD process. In general,
the growth of the core-less microwire is initiated by a laser beam, which
provides the energy to break apart gas precursors and leads to the gas-
phase reaction to form solid deposit, on a substrate that is mechanically
pulled away from the deposition zone, thus producing long continuous
fibers. The LCVD-based fiber features reduced fabrication cost and high
purity of the fiber core, but has excessive silicon near periphery (a
characteristic of CVD process for SiC [14]) and reduced grain size,
which will be discussed in Section 3.1.

2.2. XRD characterization

XRD (Cu-Ka source, A = 0.15418 nm) spectra were recorded by a
Bruker D8 Advance diffractometer for a sample fiber bundle that had
been attached to a zero-background holder with Vaseline. The incident
beam is parallel with the fibers.

2.3. Raman spectroscopy

Raman spectroscopy was performed at room temperature using a
confocal Raman system with back-scattering configuration. A green
laser (A = 532 nm) beam was focused on the center of the cross section
of the sample fiber. The focal spot size was restricted to 2.5 um in full
width at half maximum by passing the incident beam through a
20 X lens. The laser power on the sample is estimated to be 7 mW for
LCVD-FFF and 20 mW for the remained two. Raman signal was col-
lected with an integration time of 10s for LCVD-FFF and 4s for the
remained two.

2.4. Thermal characterization

Thermal characterization was performed in a close-cycle cryostat
(Janis CCS-450) in vacuum (0.4-0.6 mTorr) using the TET technique.
The measurement generally proceeds by applying a step current
through an electrically conductive sample or a metallic coating that has
been deposited on an electrically insulating sample. Since the three SiC
samples display electrical insulation, 20-nm-thick iridium has been
deposited on each sample by sputtering coating (Quorum 150 T S). The
iridium coating serves both as a heater and a temperature sensor during
measurement. The cryogenic TET configuration is shown in Fig. 1a. The
sample fiber is suspended, with both ends covered by silver paste, over
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a gap (1-2 mm) between two electrodes. The electrodes are connected
to one another via alumina screws and thin mica layers. The sample
holder composed of three aluminum electrodes is attached to a cold
head with thermal grease. The temperature of the cold head is con-
trolled by a monitoring/control unit (Lakeshore 335). Radiation heat
loss is suppressed by shielding and convection by operating in a vacuum
and reducing sample length (1-1.5mm). During measurement, the
Joule heating induced by the step current through the coating results in
the temperature rise of the sample. The electrical resistance (R) of ir-
idium coating (Fig. 1b) is temperature dependent and can be depicted
by the Bloch-Griineisen formula [15]. Therefore, the temperature rise
can be reflected by the voltage response (Fig. 1c) that rises with ex-
ponential decay. The heat transfer equation of the system can be sim-
plified as a one-dimensional case due to the large aspect ratio (L/
D > 30, L: sample length, D: sample diameter) of microwire samples.
The governing equation regardless of thermal radiation is written as

pcpdT o’T
=k
ot ox?

+d &)

where g is the electrical heating power per unit volume of the sample.
The initial condition of the problem is T (x, t = 0) = Ty, where Ty is the
initial temperature of the sample. The boundary condition is
T(x=0,t)=T(x=L,t) =T, due to the bulk electrodes being as heat
reservoirs. By assuming a linear R-T correlation (dR/dT is actually
nearly constant as seen in Fig. 1b) within the limited temperature rise
(AT, usually < 4K) of each measurement, Eq. (1) can be solved ana-
lytically and the normalized voltage rise[V'(©) = (V') — Vo)/ (V.. — V)]
mimics the normalized temperature[T*(t) = (T'D - To)/(T.. — Tp)l,
where Vj is the initial voltage, V.. and T.. are the voltage and tem-
perature at steady state, respectively. The solution can be written as:

VEE) = T*(t) = 9% i 1 —exp[-(2m — 1)i”2aeff[/L2],
T = @2m-1) )
where a.g is effective value that contains the radiation and coating
effect. By fitting V'(t), aes, the only unknown parameter in Eq. (2) is
obtained. The intrinsic a is obtained by subtracting the contribution of
radiation and the Ir coating, which has been detailed elsewhere [16].
Here, we provide the expression of the solution:

_ 16e0T3L? _ Liorenz TL
RApcy, 3)

o= ett m*Dpc,
where ¢ is the surface emissivity, o is the Stefan-Boltzmann constant,
Ly orenz is the Lorenz number, and A is the cross-sectional area of the
sample. ¢ is estimated as the average of ¢ of SiC (0.9) and ¢ of iridium
coating (0.3) since about half of a fiber has been coated with iridium.
Liorenz takes the Sommerfeld value (2.44 x 10~8 WQ/K?) in the tem-
perature range of 20-290K according to the previous research on
Liorenz Of sputtered iridium coating [17]. For the three samples in this
study, the contribution of radiation and coating effect is evaluated to be
less than 2%.

The effective thermal conductivity (keg) is obtained from the par-
ticular solution at steady state (t = ) in comparison with the initial
state (t = 0). It is expressed as

_ I’RL
T 1244T° 4

eff

AT is given by the steady-state voltage rise and the R-T correlation. The
similarity of pc,, of iridium and SiC and the equivalent contribution of
radiation to ke and aeg yield pc, = keg/aes. Hence, k = apc,. More
details about the thermal process in TET characterization can be found
in the work by Guo et al. [7]

The result of thermal characterization will be presented as the
temperature dependence of k and pc,,. @ will be presented as its inverse,
thermal reffusivity (©), for the interpretation of phonon scatterings.
The uncertainty of a takes into account the voltage signal noise and the
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Fig. 1. Configuration and data processing of
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TET experiment. (a) Set-up of a cryogenic TET
system. In a vacuum chamber (0.4-0.7 mTorr)
with radiation shield, two microwire samples
are suspended between aluminum electrodes.
Both ends of a sample are covered by silver
paste. The electrodes are electrically insulated
from each other by thin mica layers and con-
nected by ceramic screws. The current source

provides a step current input. The oscilloscope
monitors the voltage response in time domain.
The aluminum electrodes are placed on the
cold head of cryostat. (b) Temperature depen-
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dence of electrical resistance of the 20-nm ir-
idium coating on the LCVD-FFF sample. The
black dots are the measured data and the red
line is the fitting curve of Bloch-Griineisen
formula. (¢) TET voltage signal in logarithmic
time domain. The voltage signal is a response
to a 0.52-mA step current input during mea-
surement of the LCVD-FFF sample (1495 um
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error of L. The uncertainty of k further includes the error of R-T cor-
relation and D. The uncertainty of pc, is induced by that of a and k.

Let the measurement of LCVD-FFF be an example of data processing.
The sample is 1495-um long, 34.29-um thick and coated with 20-nm Ir
layer. The V-t signal in Fig. 1b is the voltage response when a step
current of 0.52mA passes through the coating. By fitting the normal-
ized V-t signal with Eq. (2), deg = 2.89 mm? is obtained. Using Eq. (3),
the contribution of radiation effect and iridium coating effect is eval-
uated to be 1.6% and 0.3%, respectively. After subtracting both effects,
we have a = 2.83 mm?. The steady-state voltage rise AV = 1.045 mV in
Fig. 1c can be translated to AT = 4.74 K, according to the R-T depen-
dence in Fig. 1b. Eq. (4) produces k. = 5.59 W/mK and then pc,
= Kest/ Gt = 1.94 x 10° J/m® K. Finally, we have k = apc, = 5.49 W/
mK.

3. Results and discussion
3.1. Structure analysis

The XRD results are shown in Fig. 2. The diffraction intensity versus
diffraction angle (20) confirms that the main phase of the samples is
3C-SiC, indicated by the (111) peak (d = 0.251 nm, 26 = 35.7°), (220)
peak (d =0.154nm, 26 =60°) and (311) peak (d = 0.131nm,
20 = 71.8°). Ixpp is 67-114, 14-19 and 6-8 nm for Sylramic, Hi-Nicalon
S and LCVD-FFF, respectively, using Scherrer equation, consistent with
previous measurement of Sylramic and Hi-Nicalon S by both XRD and
transmission electron microscope [10,18]. The specific Ixrp values for
different 26 are shown in Table 1. It is seen the grains in Hi-Nicalon S
and LCVD-FFF SiC fibers have a low aspect ratio in its geometry, and
the grain in Sylramic SiC fibers are shorter in the (111) direction,
suggesting an oval shape. Note that the instrumental broadening (Bi,s)
has been estimated as a constant 0.07°, which could result in an un-
derestimation of fi,s for the (311) peak. Besides the SiC peaks, the
presence of substantial titanium diboride (TiB,) and trivial titanium
carbide (TiC) in Sylramic is assigned to the titanium precursor additive
and boron sintering additive [10]. The unknown phase (26 = 31°) in
Hi-Nicalon S is possibly related to fine quartz [19,20], considering the
oxygen content has been found by Auger electron spectroscopy [11].
For LCVD-FFF, the silicon peaks are related to the excessive silicon
content due to CVD processing. Quantitative phase analysis for LCVD-
FFF presents 92.7 wt% of 3C-SiC, 5.3 wt% of Si and 2 wt% of unknown
phase (20 = 29.6°).

The collected Raman spectra are presented in Fig. 3. In the region of

102 10" long and 34.3 pm thick) at 290 K.

Time (s)

(220)
v

SiC (3C)
TiB,

Si
Unknown

Nk FH g

26 (Degree)

Fig. 2. XRD patterns of Sylramic (a), Hi-Nicalon S (b) and LCVD-FFF (c). An
offset and enlarged view is provided for Sylramic. The sharp peaks besides
(with less than half degree shift) the (220) and (311) peaks of SiC in Sylramic
could be related to titanium carbide [37]. S.F. denotes stacking faults in 3C-SiC
[38]. The baseline of (¢) has been subtracted.

Table 1
Geometrical parameters and physical data extracted from the measurements of
the three SiC microwire samples.

L(um) D (um) kgr Qo (s/ L, (nm) Ixgp (nm)
W/ cm?)
m K) (111) (220) (331)
Sylramic 1060 111 46.3 0.274 9.35 66.8 113 105
Hi-Nicalon S 1193 9.0 21.7 1.807 1.42 146 184 157
LCVD-FFF 1495 34.3 5.5 2.483 1.03 7.84 7.47 5.85

* kgr denotes the thermal conductivity at room temperature (290 K).
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Fig. 3. Raman spectra obtained at the core of Sylramic (a), Hi-Nicalon S (b) and
LCVD-FFF (c). The peaks for Si-Si, Si-C and C-C vibration modes are located in
the range of 300-600, 600-1000 and 1100-1700 cm ™ ?, respectively.

carbon bands between 1100 and 1600 cm ™!, two peaks at 1350 and
1560 cm ™! (Fig. 3a-b) are found for Sylramic and Hi-Nicalon S. The
former peak is generally assigned to free carbon while the latter cor-
responds to graphite [21]. This implies a considerable amount of free
carbon in the core. The Raman peaks for Si-C bond vibration are gen-
erally located in the region between 600 and 1000 cm™'. The trans-
verse optical (TO) phonon band and longitudinal optical (LO) phonon
band of 3C-SiC single crystals are expected to present at 796 cm ™! and
at 972cm™?, respectively. For Sylramic and Hi-Nicalon S, the two
bands are displaced from their nominal position, shifting to lower fre-
quency with increased width due to the nanosized grains. It has been
reported that both the peak shift and the peak width are proportional to
the inverse of grain size [22,23], and also influenced by stacking faults
[24]. Therefore, quantitative analysis is not plausible here. Despite this,
it can be observed that the two Si-C peaks of Sylramic is sharper and has
less shifting than Hi-Nicalon S, agreeing with the observation of Ixgp. In
the spectrum of LCVD-FFF, only a broad peak can be found in the same
region of Raman shift. It is probably due to the small grain size (Ixrp
= ~ 7nm), which heavily disturbs the vibration of Si-C bonds in
crystallites.

3.2. Thermal conductivity and specific heat

The scanning electron microscope (SEM) images of the samples for
thermal characterization are shown in Fig. 4. For Sylramic, Hi-Nicalon S
and LCVD-FFF, the length is 1060, 1193 and 1495 pum, and the diameter
is 11.1, 9.0 and 34.3 pm, respectively. The temperature dependence of
thermal conductivity of the three samples is presented in Fig. 5a.
Compared with single crystal and polycrystalline bulk samples of larger
grain size from literature [13,25], the nanocrystalline microwire sam-
ples possess lower thermal conductivities in general and higher char-
acteristic temperatures where thermal conductivity maximizes. The
tendency has also been observed for other nanocrystalline structures
[26-29]. We attribute the difference in thermal conductivity to the
introduction of grain boundaries. The role of grain size in temperature
dependence of thermal conductivity can be illustrated qualitatively in
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Fig. 4. SEM images of Sylramic (a), Hi-Nicalon S (b) and LCVD-FFF (c) pre-
pared for TET experiment. For each sample, an overview and three insets are
given for showing the length and diameter, respectively. The LCVD-FFF was
broken accidentally after thermal characterization.

the frame of single-relaxation-time approximation. For brevity of ex-
pression, thermal resistivity p,,=k ™' is employed instead of k. The
thermal resistivity of SiC of finite grain size can be expressed by p,
= 3/pcpvl, where [ and v are phonon mean free path and phonon group
velocity, respectively [30,31]. The phonon mean free path is con-
strained by phonon scatterings induced by Umklapp process I, and
grain boundaries I,. By assuming the independence of different scat-
tering effects, Matthiessen’s rule gives ! = llf1 + I, L. Here, I, is
insensitive to temperature while, at low temperatures, [, ' is propor-
tional to the temperature dependent Boltzmann’s factor e~ /2T [32,33],
where Tp, is Debye temperature. In this way, the thermal resistivity py,
can be decomposed into two fractions, the Umklapp thermal resistivity
Pinp = 3/pcpvCe™™/2T(C is a constant) and the grain boundary-induced
thermal resistivitypy, , = 3/pc,vly. The temperature dependence of the
two fractions and their sum is sketched in Fig. 5b for samples of large
grain size (denoted by dash line) and small grain size (denoted by solid
line). Here we assume py,;, is independent of grain size and pc, obeys
Debye’s approximation [33]. For the sample of reduced grain size, I, " *
is increased and py,p is therefore proportionally amplified. Conse-
quently, for small-grain sample, py, is larger and the minimum of py, is
located at a higher temperature. The corresponding thermal con-
ductivity will decrease and maximize at a higher temperature as grain
size decreases.

Shown in Fig. 6 is the measured volumetric heat capacity. pc; of the
three samples does not significantly deviate from one another, con-
sistent with Debye’s approximation for low-frequency phonons [33].
Their pc, is proportional to T as T > 100K, while the order of tem-
perature dependence is between 2 and 3 as T < 50K.
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Fig. 5. (a) Thermal conductivity of Sylramic, Hi-Nicalon S and LCVD-FFF, plotted in semi-log scale. Also shown is the thermal conductivity of SiC single crystal bulk
(1-mm grain size) measured by Morelli et al., [25] and SiC polycrystalline bulk (17-um grain size) by Collins et al. [13] (b) Variation of Umklapp thermal resistivity
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Fig. 6. Volumetric heat capacity of Sylramic, Hi-Nicalon S and LCVD-FFF. The

inset is the volumetric heat capacity between 20 and 50K, plotted in log-log
scale.

3.3. Structural domain size

For the investigation of the correlation between structure and
thermal properties, the effect of pc,, which is temperature dependent
and cannot be measured with sound accuracy, should be ruled out.
Hence we will study the correlation between the directly measured
thermal reffusivity ® = 1/a and phonon mean free path [17]. Based on
the single-relaxation time approximation, © can be expressed by
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perature for samples of large grain size and small grain size. py, , is assumed the

)

v in the Umklapp term Ce~?"merges into the constant C as v of
acoustic phonon modes is independent of temperature (i.e.
v = 12600-13300 m/s for T = 5-300 K) and optical phonons are neg-
ligible [34]. As T—0, the Umklapp scattering is inhibited (Ce="/2T—0)
while the grain boundary-induced term, defined as ©, = 1/3vl, re-
mains. v in this work is taken as 13000 m/s. In this way, the directly
measured thermal property © is associated with the structure-induced
property L. Here, I, is termed “Structure Thermal Domain” (STD) size
as it is determined by the thermal transport and solely induced by the
structure.

As seen in Fig. 7, the ©-T data generally follows the model of Eq. (5)
when temperature is sufficiently low. Tp of the three samples is sig-
nificantly lower than that of 3C-SiC bulk (1000-1300 K) [35] and falls
in the range of 220-290 K, suggesting the confinement of high-fre-
quency vibration modes by the nanocrystalline structure. The dis-
crepancy of fitting at high temperature also suggests that some high-
frequency modes are allowed for the two samples of larger grain size.
The high frequency terms are not added into the formula for the fitting
at high temperatures since the discrepancy does not influence the
parameters of interest: Oy and STD size. The intercept of the fitting

1(1

_(p

:3vl_

1

Iy

Tb 1
=Ce 2T + —,

)

curves Oy is determined to be 2742 + 75, 18066 + 481 and
24834 + 1080 s/m?, and the STD size is 9.35 * 0.56, 1.42 + 0.08
and 1.03 +

0.07 nm for Sylramic, Hi-Nicalon S and LCVD-FFF, re-
spectively. The results are summarized in Table 1 and compared with
the grain size determined by XRD. We find that STD size is approxi-
mately proportional to the grain size. Probably because the STD size
and Ixrp are related to the scattering effect induced by the same ma-
terial structure although the former is associated with phonons and the
latter is with x-ray photons. In addition, the STD size is about an order
of magnitude smaller than Ixgp. A possible reason is that the broadening
of XRD peak is related to the size of the ordered atoms in a certain
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Fig. 7. Thermal reffusivity of Sylramic, Hi-Nicalon S and LCVD-FFF, plotted in
semi-log scale. The fitting function is © = C exp(—Tp/2T) + 0y, where the
constant C, Debye temperature Tp and residual thermal reffusivity @, are
parameters being fitted. In the fitting, Sylramic has ©, = 2720 m?%/s,
C=44503m%s, Tp, =282 K; HiNicalon S has ©, = 18066m?/s,
C=87283m%s, Tp, =246 K; LCVD-FFF has ©, = 24834m2/s,
C = 506598 m?/s, Tp = 228 K.

direction while the STD size can be confined by the disordered structure
in all directions. More specifically, phonon propagation can be con-
strained by the grain boundaries that do not intersect the propagation
path. Therefore, the STD size is smaller than the grain size. Also the
much smaller STD size suggests rough grain boundaries that introduces
extremely strong phonon scattering. It should be noted that the mi-
crostrain [36] and stacking faults [24] that can influence the phonon
velocity and phonon lifetime are not taken into account in the modeling
of phonon transport here. Despite this, the proportionality between STD
size and Ixgp provides a very clear correlation between material struc-
ture and thermal properties.

4. Conclusion

In summary, we have measured and compared the thermal prop-
erties of three advanced SiC microwires in the temperature range of
20-290 K. The room-temperature thermal conductivity of Sylramic, Hi-
Nicalon S and LCVD-FFF is 46.3, 21.7 and 5.5 W/m'K, respectively,
much smaller than the bulk value. Due to the dominance of phonon-
boundary scattering, the Umklapp thermal conductivity (kxT ') is not
observable in the measured temperature range. The heat capacities
obey the classic Debye model. The structural thermal domain size de-
duced from low-temperature thermal characterization is found to be
comparable with the grain size determined by XRD. Specifically, for
Sylramic, Hi-Nicalon S and LCVD-FFF, the structural thermal domains
were determined as 9.35, 1.42 and 1.03 nm, respectively, proportional
to the grain sizes with a factor of 0.1. This finding provides a clear
understanding of the correlation between grain size and thermal
properties.
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