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ABSTRACT

This work is focused on phase development of silicon oxycarbide (SiOC)

nanocomposites during flash pyrolysis. Three important variables evaluated are

applied electric field, current limit, and pyrolysis temperature. They signifi-

cantly facilitate the microstructure evolution of SiOC and cause the formation of

more ordered carbon and SiC phases at[ 640 �C lower temperature than the

typical pyrolysis process. With the increase in the applied electric field, pyrol-

ysis temperature, and current density, the mass loss is higher, the SiC formation

and carbon precipitation are more extensive, and the carbon phase is more

ordered. The resulting SiOC samples are stable up to 742 �C in air. The fun-

damental cause is due to the drastically accelerated nucleation rate for both the

C and SiC phases from the applied electrical field, through the mechanisms of

Joule heating and electromigration. This work provides an accelerated route to

synthesize high-temperature SiOC nanocomposites.

Introduction

Silicon oxycarbide ceramics (SiOCs) are novel poly-

mer-derived ceramics that show high flexibility in

tailoring microstructures and phases with a compo-

sition of SiCxO4-x (1 B x B 3) [1]. They exhibit

excellent mechanical strength [2–5], thermal stability

[6], and creep resistance [7]. They are also a desirable

reaction bonding phase for SiC particles

(1000–1200 �C) [8, 9].
Pyrolysis is a versatile technique to prepare SiOC

nanocomposites via phase evolution from cross-

linked precursors [10, 11]. The SiOC matrix evolves

into a system containing nano-sized amorphous SiO2

clusters and a disordered carbon phase at * 1100 �C
pyrolysis temperature [12–14]; and SiC nanocrystals

form at[ 1300 �C pyrolysis temperatures [15].

From a different perspective, flash sintering has

raised great interest since 2010 [16]. This process is

capable of inducing a sudden onset of densification

through Joule heating [17]¸ which can heat the sam-

ple several hundred degrees Celsius higher than the

furnace temperature [16]. Under the temperature

increase, the electrical conductivity of the sample

increases drastically and the flash process stops.

Flash sintering can be divided into three main stages.

The first is the incubation period, during which the
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systemworks in avoltage controlmode, and thepower

dissipation and electrical current slowly increase. The

second stage is a ‘‘far from the equilibrium stage,’’

where the material undergoes the flash event. During

this period, electrical resistivity consistently decreases

and a heating rate on the order of 104 K/min is

achieved; powerdensity reaches apeak and the system

is typically switched from voltage control to current

control [18]. During the third stage, also known as the

steady stage, the system reaches a new equilibrium

condition (i.e., electrical parameters and power dissi-

pation are stabilized). During this period, microstruc-

ture evolution occurs.

Different studies have employed electrical field

assisted techniques to obtain dense SiOC materials

[3, 19, 20]. However, the SiOC materials in these

studies are pyrolyzed before sintering and prepara-

tion of polymer-derived ceramics such as SiOCs by

electrical field assisted pyrolysis has not yet been well

studied. Since the SiOC systems are insulating before

a large amount of ordered carbon forms, the Joule

heating can be substantial and thus induce a sudden

temperature increase. When the carbon phase

undergoes ordering, the flash process may induce

even further changes within the SiOC matrix [21].

This work is focused on the flash pyrolysis of

polysiloxanes into SiOC materials. The derived SiOC

ceramics have been characterized using X-ray

diffraction (XRD), transmission electron microscopy

(TEM), thermogravimetric analysis (TGA), and

Raman spectroscopy. The thermoelectric changes,

SiOC phase evolution, microstructures, and oxidation

resistance were evaluated. The driving forces for the

nucleation and phase separation with and without an

external electrical field were studied. Based on this,

we explained the much lower phase formation tem-

peratures for the C and SiC species.

Materials and methods

Material preparation

Commercial polysiloxanes (vinyl-terminated

polyphenylmethylsiloxane (PMPS) and polyhy-

dromethylsiloxane (PHMS)) were used as the base

precursors and 2.1–2.4% platinum–divinyltetram-

ethyldisiloxane complex in xylene (Pt catalyst) was

used as the catalyst. All the above chemicals were

from Gelest Inc., Morrisville, PA.

Samples were obtained by catalytic cross-linking of

PMPS and PHMS. The PHMS/PMPS weight ratio

was 15/85. First, a solution with the polymer pre-

cursors PMPS and PHMS was sonicated for 10 min.

They were then homogenized in a high energy mill

(SPEX 8000 M Mixer/Mill, SPEX Sample Prep,

Metuchen, NJ) for 10 min. Next, the Pt catalyst

(5 ppm relative to PHMS) was added. After that, the

mixtures were homogenized again in the Spex mill

for 5 min. The solution was finally poured into alu-

minum foil molds, which were put into a vacuum

chamber and vacuumed for 10 min at 1500 m Torr

(and room temperature) to remove any bubbles in the

solutions. The filled molds were then placed in an

oven to crosslink at 50 �C for 12 h and then at 120 �C
for 6 h.

Flash pyrolysis

The cross-linked green samples were cut and then

polished into cylindrical shapes (* 12 mm in diam-

eter and 2–3 mm in thickness) for calculation conve-

nience. A silver–palladium paste (conductor type

9627, ESL ElectroScience, King of Prussia, PA) was

applied to the faces of each sample in order to

achieve good electrical contact (minimizing contact

resistance) and serve as the electrodes for the flash

pyrolysis. The sample was connected through Pt

wires to an external power supply and then placed

into a zirconia crucible.

The sample was pyrolyzed in a tube furnace (1730-

20 Horizontal Tube Furnace, CM Furnaces Inc.,

Bloomfield, NJ). An argon atmosphere with a flow

rate of about 70 std cm3/s was used. The flash

pyrolysis setup is shown in Fig. 1. The furnace heat-

ing rate was 5 �C/min from room temperature to

300 �C. After that it was 2 �C/min to the desired

temperature of 740–780 �C. At the peak temperature,

an electric field (0, 20, 30, 40, or 50 V/mm) was

applied. We used two DC power sources (Bertan

210-01R Spellman, Hauppauge, NY and FB200 Fisher

Scientific, Oreland, PA) to apply a specific voltage to

the specimens. When a flash occurred, the power

supply automatically switched to the current control

mode. Experiments were carried out with the current

change from 0.5 to 2 A, and the power supply was

stopped shortly after the flash occurred. Additional

control samples were pyrolyzed to 1400 �C without

any applied electric field following the same heating

procedure. This traditional pyrolysis temperature
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was chosen in order to clearly demonstrate the

effectiveness of flash pyrolysis based on the sample

internal temperature calculation from Eq. (2) and the

data in Table 1 (to be presented later).

Parameters of electrical field assisted
pyrolysis

The samples were labeled as TF-E-I, where TF is the

pyrolysis furnace temperature (740 �C, 760 �C,
770 �C, and 780 �C), E is the electric field applied to

the sample (0, 20, 30, 40, and 50 V/mm), and I is the

current limit set on the power supply (0.5, 1.0, 1.5,

and 2 A).

The power density PW (mW/mm3) has been cal-

culated according to the relationship [22]:

PW ¼ Ej ð1Þ

where j is current density, A/mm2.

During the flash pyrolysis, the insulating nature of

the polymer precursors and decomposed radicals

created a state that a large amount of Joule heating

was generated, which, as expected, caused drastic

sample temperature increase. Because of such local

heating, the actual temperature inside the sample

during the flash process was much greater than the

indicated furnace temperature. The sample internal

temperature (T) during the flash can be estimated

based on blackbody radiation using the following

equation [17, 23, 24]:

T ¼ TFa 1þ 1000PW

rSFT4
F

V

A

� �� �1
4

ð2Þ

where TF is the furnace temperature at the onset of

the flash in Kelvin, rSF is the Stefan–Boltzmann con-

stant with a value of 5.67 9 10-8 Wm-2 K-4, a is a

correction factor to account for emissivity less than

that expected for a perfect blackbody (approximately

1), V is the volume of the specimen in m3, and A is the

total surface area of the specimen in m2.

Characterization

The phase compositions of the pyrolyzed samples

were analyzed in an X’Pert PRO diffractometer

(PANalytical B.V., EA Almelo, the Netherlands) with

Cu Ka radiation. The size of the SiC nanocrystallites

can be calculated using the Scherrer’s equation based

on the full width at half maximum (FWHM) of the

(111) peak for b-SiC [25]:

d ¼ kk
B cosh

ð3Þ

where d is the mean crystallite size, k is a constant

usually equal to 0.9, k is the wavelength of Cu Ka

radiation (k = 1.5405 Å), B is the full width at half

maximum intensity of the peak (FWHM) in radian,

and h is Bragg’s diffraction angle. The microstruc-

tures of the pyrolyzed ceramics were analyzed using

transmission electron microscopy (JEOL 2100, JEOL

USA, Peabody, MA); the samples were prepared by

grinding into a powder and then dispersing in

absolute ethanol before being placed on TEM grids.

Raman spectra were obtained using a Horiba spec-

trometer (JY Horiba HR 800, Edison, NJ) at 514 nm

excitation wavelength, which was produced by an Ar

Figure 1 Flash pyrolysis

setup used in this study.

Table 1 Internal temperatures of the flash-pyrolyzed samples

according to Eq. (2)

Samples Pw (mW/mm3) T (�C)

760-40-2.0 300 1306.9

770-40-2.0 321 1345.2

780-40-2.0 249 1278.3

770-30-2.0 247 1261.2

770-50-2.0 273 1292.0

770-40-0.5 151 1127.5

770-40-1.0 195 1193.3

770-40-1.5 240 1252.5
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laser between the spectral range of 500–3500 cm-1.

The thermal stability of the SiOC samples after the

flash pyrolysis was investigated using a Q50 TGA

(TA Instruments, New Castle, DE) up to 900 �C at a

heating rate of 5 �C/min and an air flow of 40 ml/

min.

Results and discussion

Effect of flash pyrolysis temperature

For the samples flash-pyrolyzed at 740 �C, 760 �C,
770 �C, and 780 �C, Fig. 2 shows the electric field

change with time at different pyrolysis temperatures

(a) and the XRD patterns of the corresponding sam-

ples (b). The initial electrical field is 40 V/mm and

the current limit is 2.0 A. The correlations between

the flash time and current density as well as between

the flash time and power density are shown in

Figs. S1 and S2 in supplement. The power supply was

stopped 20 s after the onset of the flash for all the

samples. The starting point of the x-axis represents

the time point when the DC electric field is applied.

During the flash pyrolysis, no current can be

detected in the 740-40-2.0 sample even after applying

the electric field of 40 V/mm for 1 h at 740 �C
(Fig. S1). The XRD analysis shows that there is no

phase separation in this sample (Fig. 2b). When the

temperature is 760 �C and above (Fig. S2), the power

density increases rapidly for the SiOC samples. This

is because under the simultaneous influence from the

applied electric field and the Joule heating, the

specimen becomes electrically conductive, causing

the electrical conductivity increase. The sudden

increases in the power density and the current den-

sity and the decrease in the electric field are shown in

Fig. 2a and Figs. S1–S2.

For the samples pyrolyzed at different tempera-

tures, Fig. 2b shows their XRD patterns. Except for

the 740 �C-40-2.0 sample, all the other XRD patterns

show an amorphous halo at * 22� and diffraction

peaks at 35.7�, 41.5�, 60.1�, and 72.0�. The former is

from the amorphous SiO2 and the latter corresponds

to the b-SiC (111), (200), (220), and (311) crystallo-

graphic planes (JCPDS Card No. 01-073-1665) [26].

There are no clear carbon peaks because the carbon

phase is mostly amorphous. Even with ordering, the

carbon phase has only 2–4 graphene layers (shown in

Fig. 5, TEM images), which is not enough to generate

discernable XRD peaks. Figure 2b indicates that the

phase separation in the samples starts from 760 �C.
Compared to the traditional pyrolysis at 1400 �C, this
phase separation temperature is[ 640 �C lower,

which means that the flash pyrolysis has tremendous

beneficial effects on lowering the pyrolysis tempera-

ture without compromising the phase development.

As well known, phase separation of the SiOC

matrix leads to the formation of SiO2, C, and SiC

phases during pyrolysis at * 1200 �C. SiC crystal-

lization can further occur by the carbothermal

reduction in the SiO2 phase at[ 1300 �C pyrolysis

temperature [6, 27]:

SiOC ! SiO2 þ SiCþ C ð4Þ

SiO2 þ C ! SiC ð5Þ

Figure 2 a Correlations between the flash time and the applied

electric field, and b XRD patterns at different temperatures.
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In this study, the drastically accelerated phase

separation is partly because the samples have more

carbon from the precursors; it is easier to create the

flash event in the sample and thus generate SiC. In

conjunction with the TEM and Raman results to be

discussed later, it can be seen that the carbon-rich

nature in the samples is conductive for forming a

large amount of SiC. The strong SiC peaks in Fig. 2b

mean that SiC has better crystallinity, even though

the other phases are mostly amorphous.

Based on Eq. (2), the internal temperature for each

sample during the flash can be estimated. It is

1306.9 �C for the 760-40-2.0 sample (Pw * 300 mW/

mm3), 1345.2 �C for the 770-40-2.0 sample (Pw * 321

mW/mm3), and 1278.3 �C for the 780-40-2.0 sample

(Pw * 249 mW/mm3) (Table 1). With the under-

standing that actual systems always have lower

emissivities than a perfect blackbody, a will be

higher. Subsequently, the actual sample temperature

will be higher than the above calculated values [17].

Because these internal temperatures are all lower

than 1400 �C, the 1400 �C sample pyrolyzed without

any electric field has been used as a reference in this

work. Further, the XRD pattern of the 770-40-2.0

sample is very similar to that of the 1400-0-0.0 sample

(Fig. 2b), confirming that the 770-40-2.0 sample has

been exposed to Joule heating close to or higher than

the temperature predicted by Eq. (2). Clearly,

increasing the applied electric field or the current

density can facilitate the SiOC phase separation,

leading to the SiC phase formation at a pyrolysis

temperature of 770 �C or lower. Figure 2b also shows

that the SiC XRD peaks are sharper (less broadened)

and the SiC phase formation is more accelerated

under the flash pyrolysis.

For the 760-40-2.0, 770-40-2.0, and 780-40-2.0 sam-

ples, the incubation time t for the flash event is

90 min, 25 min, and 8 min, respectively. As the

temperature increases, the incubation time becomes

shorter (Fig. 2a insert) and the power density is

lower, which lead to a lower internal temperature for

the 780-40-2.0 sample. Thus, the corresponding SiC

XRD diffraction peaks are weaker than those of the

770-40-2.0 samples. On the other hand, the 760-40-2.0

sample has a modest internal temperature and the

SiC XRD diffraction peaks are weaker because the Si

and C diffusion rates are slower. The 770-40-2.0

sample has the highest internal temperature, so the

SiC XRD diffraction peaks are the sharpest.

The SiC crystallite size for the conventionally pyr-

olyzed sample at 1400 �C without an electric field, the

760 �C-40-2 sample, the 770 �C-40-2.0 sample, and the

780 �C-40-2 sample are 2.7 nm, 7.6 nm, 7.8 nm, and

7.0 nm, respectively (Fig. 4c). This is consistent with

the sharp SiC diffraction peaks in Fig. 2b for the

pyrolyzed samples and means that the SiC crystal-

lization is more developed under the flash pyrolysis.

Effect of flash electric field

Figure 3 shows the flash parameters and XRD pat-

terns at different electric field (0, 20, 30, 40, and 50 V/

mm) and 770 �C pyrolysis temperature. All the

samples have the same current limit of 2.0 A when

the flash occurs. The 770-20-2.0 sample has no current

generation after 1 h at 770 �C and 20 V/mm electric

field (Fig. S3). No phase separation occurs in this

sample due to the low phase evolution driving force.

At[ 20 V/mm electrical field, for the 770-30-2.0,

770-40-2.0, and 770-50-2.0 samples, the drastic power

density and current density increases as well as the

electric field decrease over time are given in Fig. 3a

and Figs. S3-S4. The incubation time t for the flash

event is 55 min, 25 min, and 21 min, respectively

(Fig. 3a insert). This suggests that, as the electrical

field increases, the incubation time becomes drasti-

cally shorter.

For the samples pyrolyzed under different electric

field, Fig. 3b shows the XRD patterns. Again, except

for the 770 �C-0-0.0 sample, all the other XRD pat-

terns have an amorphous halo at * 22� for SiO2. The

diffraction peaks at 35.7�, 41.5�, 60.1�, and 72.0� are

from the b-SiC (111), (200), (220), and (311) crystal-

lographic planes (JCPDS Card No. 01-073-1665) [26].

This is because the electric field significantly accel-

erates the SiC phase nucleation rate; more impor-

tantly, it induces carbon ordering through

electromigration. As a result, the electric field leads to

the early onset of the phase separation and SiC

formation.

The internal temperatures of all the samples are

between 1127.5 and 1345.2 �C according to Eq. (2).

Interestingly, the 770-40-2.0 sample has the highest

internal temperature of 1345.2 �C at 40 V/mm elec-

trical field. The internal temperature at 50 V/mm

electrical field for the 770-50-2.0 sample is lower due

to the smaller current generated in the sample, at

1292.0 �C. For the 30 V/mm electrical field (770-30-

2.0), the incubation time for the flash event more than

J Mater Sci (2019) 54:6073–6087 6077



doubles that of the higher electrical field conditions,

at * 55 min, due to the lowest internal temperature

of 1261.2 �C and the lowest electrical field. The reason

is that the flash incubation time is related to the

ordering of C, which depends on C diffusion. A

lower electric field means slower C diffusion, which

lengthens the incubation time. From Eq. (3), for the

770-30-2.0, 770-40-2.0, and 770-50-2.0 samples, the SiC

crystallite sizes are 7.3 nm, 7.8 nm, and 7.5 nm,

respectively (Fig. 4c), consistent with the results in

Fig. 3b.

Effect of maximum current

The effect of the current limit during the flash

pyrolysis has also been studied. The corresponding

electric field change versus time and the XRD pat-

terns are provided in Figs. 3b and 4a, respectively.

The pyrolysis temperature is 770 �C, the electric field

is 40 V/mm, and the current limit varies from 0.5 to

2.0 A. The correlations between the flash time and the

current density as well as between the flash time and

the power density are shown in Figs. S5 and S6 in

supplement. For the 770-40-1.0, 770-40-1.5, and

770-40-2.0 samples, the incubation time t is 22 min,

25 min, and 29 min, respectively (Fig. 4a). The max-

imum current has little effect on the incubation time,

but has a great influence on the current density and

the power density (Figs. S5 and S6). As the maximum

current increases, the current density and the power

density increase and the internal temperature of the

sample increases (Table 1). When the maximum

current is 1.0 A and above, flash pyrolysis is

observed, and the power supply switches off 20 s

after the onset of the flash. The flash pyrolysis is

effective in reducing the furnace temperature and the

pyrolysis time.

As the maximum current increases, the Joule

heating increases and the applied electric field causes

the crystallization of SiC. Figure 4b shows the XRD

patterns of the samples at different maximum cur-

rent. For the sample under 0.5 A current limit, only

weak b-SiC diffraction peaks are seen. As shown in

Table 1, the low current density of 0.5 A can only

heat the sample to * 1127.5 �C through the Joule

heating and cannot cause extensive SiC formation

compared to the * 1345.2 �C internal temperature

for the 770-40-2.0 sample. Thus, the XRD patterns

show an amorphous SiO2 phase (* 22�) and a weak

crystalline b-SiC phase (JCPDS Card No. 01-073-

1665). From Eq. (3), for the 770-40-1.0, 770-40-1.5, and

770-40-2.0 samples, the SiC crystallite sizes are

7.3 nm, 7.8 nm, and 7.8 nm, respectively (Fig. 4c),

again consistent with the results in Figs. 2b and 3b.

The TEM images for the samples pyrolyzed with-

out any electric field and with different electric field

at 770 �C are given in Fig. 5. After 770 �C pyrolysis

without any electric field (Fig. 5a), the carbon phase

is totally amorphous and shows no texture. For the

770-40-1.0 sample (Fig. 5b), at 40 V/mm electric field

and 1.0 A current limit, the carbon phase remains

amorphous even though 2–3 carbon layers start to

line up. As the current increases, the Joule heating

increases and the applied electric field causes the

formation of the crystalline SiC phase. This means

that the electrical field dictates the SiC atomic level

arrangement, consistent with the SiC peaks in Fig. 4b.

However, when the current limit increases to 2 A

Figure 3 a Correlations between the flash time and the applied

electric field, and b XRD patterns at different electric field.
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(Fig. 5c), local carbon ordering happens throughout

the sample with 3–4 graphene layers arranged into a

crystalline structure. Under a high power density,

significant Joule heating is induced, the 770-40-2.0

sample has much larger sizes and more ordered

carbon regions. In addition, the b-SiC crystalline

phase further develops. Although the length of the

ordered carbon is about 10 nm, due to the small

number of the graphene layers (2–4), there is no

strong XRD peak in Fig. 4b. The nanocrystalline b-
SiC is\ 8 nm in size and localized as islands in the

amorphous SiOC matrix. The SiOC specimen pyr-

olyzed at 1400 �C without any electric field demon-

strates that the SiOC matrix phase contains areas of

turbostratic carbon (* 4 nm) and nanocrystalline b-
SiC clusters of * 3.5 nm (Fig. 5d). The SiC crystallite

sizes of the 770-40-2.0 and 1400-0-0.0 samples are

only slightly greater than those calculated from

Eq. (3), consistent with the XRD results in Fig. 4c.

This again confirms that under the applied electric

field, the carbon ordering and SiC crystallization

increase.

Ceramic yield and thermal stability

Figure 6 shows the ceramic yields of the samples.

Flash pyrolysis has a tremendous impact on the

ceramic yield when compared to the 1400 �C pyr-

olyzed sample without any electrical field (the cera-

mic yield is 78.64%, as shown by the w symbol). As

the pyrolysis temperature increases, the ceramic yield

decreases. For the 760-40-2.0, 770-40-2.0, and 780-40-

2.0 samples, the ceramic yield is 72.71, 53.37, and

44.18%, respectively, the percent decrease is 7.54,

32.15, and 43.82%, respectively. As the maximum

current increases, the ceramic yield also decreases.

For the 770-40-0.5, 770-40-1.0, 770-40-1.5, and 770-40-

2.0 samples, the ceramic yield is 57.44, 53.53, 51.43,

and 53.37%, respectively, the percent decrease is

26.96, 31.90, 34.60, and 32.15%, respectively. In

addition, the ceramic yield decreases significantly

with the electric field increase, from 78.64% for the

1400 �C without any electric field condition to 55.60%

at 20 V/mm, 54.32% at 30 V/mm, 53.37% at 40 V/

mm, and 48.14% at 50 V/mm. The percent decrease is

29.30, 30.93, 32.15, and 38.78%, respectively. Overall,

the temperature effect is largest and the current effect

is smallest. The drastic ceramic yield decrease is a

result of rapid loss of carbon radicals under the

electrical field. Higher pyrolysis temperature and

higher electrical field impose higher phase evolution

driving forces and thus more weight loss.

Figure 4 a Relationships between the incubation time for flash

and the applied electric field, b XRD patterns at different

maximum current, and c relation between the SiC crystallite size

calculated from Eq. (3) and the internal temperature.
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In this study, the major focus on the thermal sta-

bility is for air atmosphere, which is oxidative and of

most concern. The obtained TGA curves are

presented in Fig. 7, which shows the mass change as

a function of: (a) testing temperature (760 �C, 770 �C,
780 �C, and 1400 �C), (b) current limit (0.5, 1.0, 1.5,

and 2.0 A), and (c) electric field (20, 30, 40, and 50 V/

mm).

Based on the SiOC compositions, there are three

unstable sources: free C, SiOC clusters, and SiC. For

the free C, tiny graphene layers with edge C atoms

can be oxidized; the radical species on the surface of

free C can also be easily oxidized [28]. In the 400–

800 �C range, the specific oxidation mechanism is the

combustion of the free C phase [29].

C freeð Þ þO2 g
� �

! COx g
� �

" ð6Þ

At greater than 800 �C, it can be represented as:

Figure 5 TEM microstructures of the samples: a 770-0-0, b 770-40-1.0, c 770-40-2.0, and d 1400 �C pyrolysis sample with no electric

field.

Figure 6 Ceramic yield of the SiOC samples.
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SiOC sð Þ þO2 g
� �

! SiO2 sð Þ þ COx g
� �

" ð7Þ

Equation (6) leads to weight loss. Equation (7)

causes the SiOC units to become more vulnerable to

oxidation although it could lead to weight gain. In

Fig. 7, the SiOC samples show weight loss, meaning

that mostly free C is oxidized according to Eq. (6).

Figure 7a shows that at the same electric field of

40 V/mm and maximum current of 2.0 A, the 760-40-

2.0 and 780-40-2.0 samples are stable up to 640 �C
before a gradual weight loss up to 13.3 wt% and

18.4 wt%, respectively, at 900 �C. The main weight

loss occurs above 700 �C. For the 770-40-2.0 sample,

however, the sample is stable up to 742 �C before a

drastic weight loss of 10.0 wt% at 900 �C. Compared

with the 1400 �C pyrolyzed control sample (stable up

to 682 �C, with a total weight loss of 14.7% at 900 �C),
the thermal stability of the 770-40-2.0 sample increa-

ses by 60 �C. The 770-40-2.0 sample has the highest

thermal stability because of the phase separation and

the carbon ordering induced by the electric field,

ordered carbon is less likely to be oxidized than

amorphous carbon following Eq. (6). In addition, the

electronic current offers the Joule heating to facilitate

the SiC formation. Eventually, more free C is con-

sumed in the 770-40-2.0 sample, which reduces the

instability from carbon oxidation. The internal tem-

perature of the 760-40-2.0 and 780-40-2.0 samples is

lower than that of the 770-40-2.0 sample, and there is

a large amount of free C, which leads to the decrease

in thermal stability.

Figure 7b shows the TGA curves at different

maximum current for the sample pyrolyzed at 770 �C
and 40 V/mm. The 1.5 A and 2.0 A samples are

stable up to 740 �C, at which a weight loss of * 2.0

wt% is measured. The 0.5 A and 1.0 A samples,

however, are only stable up to 610 �C before a

gradual weight loss up to 24.3 wt% and 29.7 wt%,

respectively. This means that the maximum current

has a significant effect on the thermal stability. As the

maximum current increases, the power density

increases, the internal temperature of the sample

increases, and the carbothermal reduction of SiO2

takes place by consuming the free C phase (Eq. 5).

Because the 1.5 A and 2.0 A samples produce more

SiC, the thermal stability is higher.

Figure 7 TGA curves at

different conditions: (a) testing

temperature (760 �C, 770 �C,
780 �C, and 1400 �C),
(b) current limit (0.5, 1.0, 1.5,

and 2.0 A), and (c) electric

field (20, 30, 40, and 50 V/

mm).
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At different electrical field with the same pyrolysis

temperature of 770 �C and maximum current of 2.0 A

(Fig. 7c), the 30 V/mm, 40 V/mm, and 50 V/mm

samples have the highest stability, up to 742 �C. The
770-20-2.0 sample is stable up to 605 �C before a

gradual weight loss up to 16.8 wt%. The 770-20-2.0

sample has the lowest thermal stability because a

lower electrical field has a smaller phase evolution

driving force; it creates a more vulnerable system for

thermal degradation due to the oxidation of SiOC

(Eq. 7) [6].

Based on the thermal stability results in Fig. 7, the

SiOC materials are relatively stable up to 742 �C in

air. The higher thermal stability for the 770-30-2.0,

770-40-1.5, 770-40-2.0, and 770-50-2.0 samples is a

result of the rapid loss of carbon radicals under the

electrical field. Consistent with the ceramic yield

results in Fig. 6, the 770-40-0.5 and 770-20-2.0 samples

have lower thermal stability due to a lack of phase

development and microstructure change.

Nucleation under electrical field

For the SiOC system, based on the classic nucleation

theory, the nucleation driving force is from the total

free energy decrease due to the formation of new

phase embryos and is given by:

DG ¼ � 4

3
pr3DGV þ 4pr2E ð8Þ

where DGV is the polarization energy of SiC per unit

volume and is given by Eq. (9) [30]. r is the nucleus

radius. The growth of a nucleus is counteracted by

the interfacial energy cE that the new species forms

with the matrix lattice.

DGV ¼ 1

2
eoeEE

2 þ DGV0 ð9Þ

where eo is the permittivity of free space at

8.85 9 10-12 A2 s4/(kg m), eE is the dielectric con-

stant of the SiC nuclei and estimated to be 9.72 [31],

and DGV0 is the energy of formation per unit volume

without an electric field, J/m3. DGV0 can be converted

from molar enthalpy [32] by multiplying by the

density of SiC (* 3.21 9 103 kg/m3) [33, 34] and

then dividing by the molar mass (40.11 9 10-3 -

kg/mol). The molar enthalpy DGf of b-SiC can be

calculated by the Thermocalc� software as given in

Table S1 for different temperatures [35]. cE is esti-

mated as 2 J/m2 [36].

If the nucleation driving force is greater than the

opposing interfacial energy, nucleation will be suc-

cessful and proceed. The critical radius for nucle-

ation, r*, can be obtained by taking the derivative of

DG with respect to r and setting it equal to 0. Plug-

ging r* back into Eq. (8) leads to the critical energy

barrier to be overcome for nucleation, DG*:

r� ¼ 4cE
eoeEE2 þ 2DGV0

ð10Þ

DG� ¼ 64pc3E
3 eoeEE2 þ 2DGV0½ �2

ð11Þ

The critical radius r* (Eq. 10) and the critical energy

barrier DG* (Eq. 11) for all the samples are shown in

Table S1. These values are almost the same regardless

of the applied electric field because the nucleation

driving force contribution from the electric field,

eoeEE2
j in Eqs. (8–11), is 10 orders of magnitude

smaller than the DGV0 term. Thus, DGV0 is the dom-

inant factor impacting the critical nuclei size and the

critical energy barrier than the eoeEE2
j term. Because of

this, the resulting SiC nuclei sizes in both cases are

similar.

For the turbostratic carbon, from the literature, the

value of enthalpy of formation is * 1.7 9 109 J/m3

[32], eE is * 10 [37], and cE is * 1 J/m2 [30]. Based

on Eqs. (10) and (11), the critical radius and the crit-

ical energy barrier are 1.2 nm and 5.6 9 10-18 J,

respectively. The critical radius of carbon is higher

than that of SiC. This is mainly caused by the dif-

ferent volume formation energy DGV0 for C and SiC.

The concentration of stable SiC or C nuclei in the

evolving SiOC matrix, N, is a function of DG� and can

be expressed as [30, 38]:

N ¼ exp �DG�

kT

� �
ð12Þ

where k is Boltzmann constant, 1.38 9 10-23 J/K, and

T is the sample temperature.

From Eq. (12), the change of the nuclei concentra-

tion ratio NT/N0 versus the sample internal temper-

ature under different electric field, or at the same

electric field under different current limit or pyrolysis

temperature is given in Fig. 8. NT is the nuclei con-

centration at a specific flash pyrolysis condition as

indicated in Fig. 8. N0 is the nuclei concentration at

770 �C without any electric field. When the furnace

temperature is greater than 760 �C, the nucleation

rate in the SiOC samples increases exponentially for
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SiC and C. The nuclei concentrations are as high

as * 1043 and 1065 times, respectively, that without

an electric field for the 770-40-2.0 sample. This is

because the drastic temperature increase from the

Joule heating, followed by the sudden increase in the

electrical conductivity, increases the rates of Si and C

diffusion. When the power density is 320 mW mm3,

the specimen temperature can be as high as

1345.2 �C, which is high enough to induce the phase

separation of the 770-40-2.0 sample in just a few

seconds. Thus, even though the critical nuclei size

and the critical energy barrier do not change drasti-

cally under the flash electric field, the phase separa-

tion occurs and the crystallite concentrations are

dramatically increased due to the Joule heating dur-

ing the flash pyrolysis, causing much more SiC and C

formation within the samples. These stable crystal-

lites can also grow in the short duration of the flash to

6–8 nm size (Fig. 4c). This calculation is consistent

with the observations from the XRD (Figs. 2b, 3b, 4b)

and TEM (Fig. 5c) results.

Carbon ordering

A distinct characteristic for the flash pyrolysis is the

onset of a rapid temperature increase along with a

highly nonlinear increase in the sample conductivity.

Since C is the only conductive phase in the SiOCs, the

state of carbon in different samples should be

examined.

Figure 9a shows the Raman spectra of the SiOC

samples. The D1 band at * 1350 cm-1 is ascribed to

the defects and disordering in the free C, whereas the

G band (in-plane vibrational mode) at 1588 cm-1 is

attributed to the ordered graphitic structure [39]. The

broad G0 band at 2682 cm-1 and the weak band at

2934 cm-1 can be assigned to a combination of the

defective/disordering and graphitic mode (G ? D),

which are observed for the 770-40-1.0, 770-40-2.0, and

1400-0-0.0 samples.

Besides the well-studied D1 and G peaks, the peak

at * 1500 cm-1 belongs to amorphous carbon (D3)

[40, 41]. After the D1, G, and D3 peaks are deconvo-

luted (Fig. 9a insert), their relative intensities I(D1),

I(G), and I(D3) can be integrated. The results are

provided in Table S2.

For the 740-0-0, 770-0-0, and 770-40-0.5 samples,

there are only weak D1 and G peaks, indicating that

Figure 8 Effect of Joule heating on the stable nuclei

concentration relative to the nuclei concentration at 770 �C
under different electric field, or at the same electric field under

different current limit or pyrolysis temperature.

Figure 9 a Raman spectroscopic results from different SiOC

samples. The inserts are deconvolution examples for the D1, G,

and D3 (amorphous C) peaks from the 770-40-1.0, 770-40-2, and

1400-0-0 samples. b Relationships between the ID/IG, La, and

sample internal temperature.
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the carbon is in an amorphous state. As the current

limit (and thus power density) increases, the relative

integrated intensity of the D1 peak decreases, while

that of the G peak increases, and the intensity ratio

I(D1)/I(G) decreases (Fig. 9b). For the 770 �C-40-1.0
and 770 �C-40-2.0 samples, the D3 peak decreases,

while the G peak increases with the electric field; this

change means that the samples experience an order-

ing from amorphous carbon into nanocrystalline

carbon [40]. The increased carbon ordering is also

observed for the 1400 �C-0-0.0 sample, showing a

lower I(D3) and a higher I(G) compared to the 770 �C-
0-0.0 sample. Regardless, the 1400 �C-0-0.0 sample

still has a higher I(D3) peak and a lower I(G) peak

compared to the 770 �C-40-1.0 and 770 �C-40-2.0
specimens. This means that the flash pyrolysis can

cause more drastic carbon phase ordering compared

to simply increasing the sample pyrolysis

temperature.

Among all the models for carbon domain size

estimation [41–44], we believe that the Tunistra and

Koening relation [44] can best assess the carbon

crystallite size La:

La ¼ CðkLÞ ID1
IG

� ��1

ð13Þ

where C (kL) is the scaling coefficient and ID/IG is the

ratio of the integral intensities of the D1 and G bands.

To assess C (kL) for the employed excitation line

k = 514.5 nm, we use the approximation C (kL) &
C0 ? kLC1, where C0 and C1 are estimated to be

- 12.6 nm and 0.033, respectively [41]. For a

514.5 nm laser, the coefficient is 4.362. The results

based on Eq. (13) are given in Fig. 9b for the studied

samples. At 740 �C, La increases from * 1.16 nm for

the sample without an electric field to * 2.23 nm for

the 770-40-2.0 sample. The 1400-0-0.0 sample only has

a La value of * 1.60 nm, and the 770-40-0.5 and

770-40-1.0 samples have La values of 2.15 nm and

2.18 nm, respectively. These La values are slightly

smaller than those observed by TEM (Fig. 5). The

reason is that the HRTEM method determines the

graphene layer thickness, while the XRD and Raman

values determine the carbon nanocrystallite sizes

[45]. Since the carbon layer is tortuous, the Raman

spectroscopy can only provide the average size of the

carbon nanocrystallites, so the La values from the

Raman spectroscopy is smaller. Regardless, the

applied electric field can activate and accelerate the

carbon phase ordering at 640 �C lower temperature.

Carbon ordering driven by an electric field has

been demonstrated for various carbonaceous mate-

rials [21, 46, 47]. Under the electric field, electromi-

gration causes the transfer of momentum from

drifting electrons to defects within the carbon phase,

which is believed to be the main mechanism for

carbon to reorganize. The momentum transfer

increases defect mobility, causes them to diffuse out

of the carbon phase, and leads to a more ordered

carbon phase [21]. These processes are further accel-

erated by the accompanied Joule heating for the SiOC

systems. The flux J for the defects under this

momentum transfer is [21, 48, 49]:

J ¼ NoDoZ � eE

kT

� �
exp

�Ef;v

kT

� �
exp

�Ea

kT

� �
ð14Þ

where No is the number of atomic sites per volume,

Do is a temperature independent diffusion preexpo-

nential, Z* is the effective valence of the species

under consideration, e is the elemental charge,

1.6 9 10-19 C, Ef,v is the formation energy of vacan-

cies, 1.2 9 10-18 J [50, 51], and Ea is the activation

energy for vacancy diffusion, 1.9 9 10-19 J [49, 50].

Equation (14) can be simplified as:

J ¼ C � J E;Tð Þ ð15Þ

where C represents NoDoZ* (all material properties

independent of the external field). J (E, T) represents

eE
kT

� �
exp

�Ef;v

kT

� 	
exp �Ea

kT

� 	
, which includes all the terms

affected by the external electric field and the sample

temperature. Figure 10 shows J (E, T) as a function of

the sample internal temperature under different

electric field.

The defect flux is 0 for the 770-0-0.0 sample because

of a lack of significant Joule heating. The defect flux

for the 770-40-0.5 and 770-50-2.0 samples are

2.5 9 10-25 m-1 and 1.7 9 10-23 m-1, respectively.

Because of the smaller Joule heating, these J (E, T)

values are significantly less than that for the 770-40-

2.0 sample (4.0 9 10-21 m-1). The increased sample

internal temperature due to the Joule heating influ-

ences the defect flux more significantly. Subse-

quently, the graphitization is more affected by the

Joule heating than the electric field. Thus, the driving

force for the graphitization within the SiOC is the

synergistic effect from both the Joule heating and the

electromigration. If the sample internal temperature

is low and the Joule heating is insignificant, the
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carbon phase cannot reorganize into a more ordered

state from its original amorphous phase.

Fundamental process

With higher electric field, pyrolysis temperature, and

current density, the SiOC samples show more mass

loss, accompanied by more extensive formation of

SiC and ordered carbon phases. The mechanisms of

flash pyrolysis can be further explained as follows

(Fig. 11). The phase separation during the flash

pyrolysis has the characteristics of nucleation and

growth [30]. During the incubation period, the elec-

tric field acts as an external driving force for the

ordered carbon phase nucleation and then the SiC

nuclei formation (Eqs. 8–12). The nucleation under-

goes an incubation period that can increase from a

few seconds to several thousand seconds with the

applied electrical field decrease. As a result, more

carbon forms with an increasing electric field. During

the new phase growth period, the ordering of carbon

is mainly through electromigration accompanied by a

highly nonlinear increase in the conductivity of the

specimen. The carbon ordering leads to an abrupt

transition of the specimen from insulating to con-

ducting. In this short, transient process, the Joule

heating (Eq. 2) simultaneously increases the sample

temperature and leads to further C and SiC formation

through the SiOC phase separation (Eq. 4) or car-

bothermal reduction of SiO2 (Eq. 5).

Conclusions

Flash pyrolysis has been successfully used to produce

SiOC with accelerated phase evolution. At[ 20 V/

mm electric field,[ 740 �C pyrolysis temperature,

and[ 0.5 A maximum limiting current, flash pyrol-

ysis takes place and leads to more SiC formation and

a more ordered carbon phase. The driving force for

the accelerated SiOC phase evolution is a result of the

applied electrical field. As the pyrolysis temperature,

the electric field, and the maximum current increase,

the ceramic yield decreases. The resulting SiOC

samples are stable up to 742 �C in air. From the

mechanistic point of view, the applied electric field

induces simultaneous Joule heating and electromi-

gration. These two factors in combination cause car-

bon ordering and SiC formation. Flash pyrolysis can

be used as a new efficient process for making poly-

mer-derived SiOC materials.
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